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Introduction
 
1
Chapter 110
The ability to imagine is regarded as an extraordinary human capacity. 
Humans are capable of mentally manipulating internal representations. 
People are for instance able to imagine a beautiful mountain landscape 
that they have seen during their holiday or imagine how it feels to drive 
your motorcycle through the tight corners in that same landscape. The 
visualization of the mountain scene is likely to encompass mainly visual 
environmental cues, whereas imagining steering your motorcycle is 
likely to also encompass the imagery of vestibular and movement related 
information. These two examples suggest that there are different sorts of 
mental imagery. In general, imagery is understood as a reconstruction of 
actual perceptual experience from the past (Guillot & Collet, 2010). There 
is an accompanying type of imagery for every perceptual modality, namely 
visual imagery, olfactory imagery, auditory imagery, vestibular imagery and 
kinaesthetic imagery. In addition, there is also motor imagery, combining 
simulations in multiple modalities. A typical example of motor imagery is 
imagining walking down a corridor. In a formal definition motor imagery 
is defined as a dynamic state during which a subject mentally simulates a 
given action without overt movement (Decety, 1996c; Sharma, Pomeroy, 
& Baron, 2006). The content of motor imagery is subject to debate as 
motor imagery often relates to actions that are accompanied with visual 
experiences of that same action and, consequently, cannot be completely 
segregated from visual imagery (Jeannerod, 1994). A possible way to solve 
this conceptual confusion is to distinguish between visual imagery and 
kinaesthetic imagery (Callow & Hardy, 2004; Jeannerod, 1994), in which 
the latter refers to the experience of the proprioceptive and tactile sensations 
accompanying a movement. Visual imagery refers to the process of 
visualizing a movement of non-corporeal objects or one’s own body (parts) 
without simulating the kinaesthetic aspects of that movement (Guillot & 
Collet, 2010; Jeannerod, 1995). As an imagined movement is a mixture of 
both visual and kinaesthetic information, motor imagery can be seen as a 
combination of kinaesthetic imagery and visual imagery (Callow & Hardy, 
2004). For consistency, we will use the term motor imagery as encompassing 
both the visual and kinaesthetic experience of the movement of one’s own 
body parts from a first person perspective. Furthermore, we will use visual 
imagery as a more general term for mental visual transformations (i.e., 
external or internal visual imagery). 
 This thesis focuses on the factors that affect motor imagery 
engagement. This topic is addressed in four main topics, namely: (1) context 
dependency (Chapter 2), (3) kinaesthetic influences (Chapters 3, 4), (3) 
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spatial influences (Chapter 5) and (4) the role of afferent information in 
a unique pathological case (Chapter 6). In this introduction, the different 
types of paradigms and measurement methods that can be used to study 
motor imagery are reviewed and discussed. In reviewing the different 
imagery paradigms, this section will focus on the mental rotation task, 
which is the paradigm used in all experiments in this thesis to study 
imagery engagement. Furthermore, the cognitive and neural mechanisms 
underlying motor imagery are also discussed in more detail. 
Paradigms for studying mental imagery
Through the years, researchers have shown to be very creative in designing 
paradigms to study imagery. An often used paradigm for inducing the 
engagement in motor imagery is mental chronometry. The classical 
methodology requires the explicit instruction for the participant to 
imagine a self-performed movement, for instance the instruction to 
imagine yourself walking over a certain distance (Bakker et al., 2008; 
Bakker, de Lange, Stevens, Toni, & Bloem, 2007; Decety, Jeannerod, & 
Prablanc, 1989). This paradigm relies on the principle of similar movement 
times for overt and simulated movements. In a number of studies it has 
been shown that imagined and executed actions take a similar duration to 
perform. Examples of simulated movements are writing (Decety & Michel, 
1989), walking (Decety, 1996a, 1996b, 1996c; Decety et al., 1989), finger 
movements (Mercier, Aballea, Vargas, Paillard, & Sirigu, 2008; Vargas 
et al., 2004), arm movements (Stevens, 2005) or even moving one’s toes 
(Mulder, Zijlstra, Zijlstra, & Hochstenbach, 2004). The similarity between 
the time it takes to execute or imagine a certain movement has been 
taken as evidence for a functional similarity between overt and simulated 
movements (Decety, 1996a). However, there are limitations to the above 
mentioned explicit tasks. That is, the participants’ compliance with the 
instruction cannot be assumed (Annett, 1995) because explicit tasks are 
vulnerable to cognitive penetrability (Pylyshyn, 2002). It is difficult to assess 
whether participants are really engaged in motor imagery or whether they 
use their tacit knowledge on the time it takes to perform an instructed 
movement or visualize the movement without a kinaesthetic simulation 
component (de Lange, Roelofs, & Toni, 2008; Munzert, Lorey, & Zentgraf, 
2009; Pylyshyn, 2002; Sharma, Pomeroy, et al., 2006). This criticism applies 
less to implicit motor imagery paradigms. During implicit motor imagery 
tasks, the task design invokes the engagement of the participant in motor 
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imagery. Consequently, the participants need not to be instructed on the 
use of a certain type of imagery and therefore, the tasks are more robust 
with respect to task compliance (Annett, 1995; de Lange, Roelofs, et al., 
2008).
An influential and often used paradigm to implicitly study mental imagery 
is the mental rotation task. The mental rotation task is a well established 
paradigm to study the cognitive process of mentally rotating corporeal 
and non-corporeal objects. The use of visual or motor imagery by the 
participant in a mental rotation task is typically based on the ontological 
entity of the stimulus. For non-corporal stimuli participants typically use 
visual imagery to solve the task, whereas motor imagery is the preferred 
imagery type for corporeal stimuli (de Lange, Hagoort, & Toni, 2005). 
However, motor imagery is not always used during a mental rotation task 
of hands (Kosslyn, Thompson, Wraga, & Alpert, 2001; ter Horst, van Lier, 
& Steenbergen, 2010; Tomasino & Rumiati, 2004; Vingerhoets, de Lange, 
Vandemaele, Deblaere, & Achten, 2002), see also chapter 2. As a result, 
the used stimuli and not necessarily the task instructions induce the use 
of visual or motor imagery. The mental rotation task was first studied 
by Shepard and Metlzer in 1971. They used a task in which participants 
had to judge whether differently rotated 3-dimensional figures were 
identical or mirror versions of the reference figure, see Figure 1 (Shepard 
& Metzler, 1971). It was found that reaction times increased linearly with 
increasing angles of rotation until 180°. During these tasks, participants 
Figure 1. Different stimuli for the mental rotation task (cube figures, letters, cars, random 
line figures, hands)
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are thought to use visual imagery to mentally rotate the shown figure into 
the orientation of the reference figure for comparison. Other examples of 
used stimuli are typographical characters (Heil, Rauch, & Hennighausen, 
1998; Heil & Rolke, 2002), cars (Funk, Brugger, & Wilkening, 2005) and 
random line figures (Sack, Lindner, & Linden, 2007), see Figure 1 for a 
few examples. There is also another type of mental rotation task which 
is used in all studies presented in this thesis, namely the mental rotation 
task of hands, also referred to as the hand laterality judgment task. In this 
task, corporeal stimuli are used and participants have to judge the laterality 
of the shown body part such as a hand, see Figure 1. The hand laterality 
judgment paradigm was first introduced by Sekiyama, (1982). He found 
that reaction times for judging the hand laterality do not increase linearly 
but quadratic and are not symmetrical about the angular rotation of 180°. 
This asymmetric reaction time profile was interpreted as a representation 
of the own body’s kinaesthetic influences on the laterality judgment time 
(Sekiyama, 1982). It was postulated that participants mentally simulate 
moving their own hand into the orientation of the shown hand (L. M. 
Parsons, 1987). Consequently, the participants implicitly engage in an 
embodied mental process, i.e., motor imagery, in which they simulate a 
movement (Decety, 1996a; Jeannerod, 1994; L. M. Parsons, 1987; Sauner, 
Bestmann, Siebner, & Rothwell, 2006; Sekiyama, 1982; Shenton, Schwoebel, 
& Coslett, 2004; Thayer & Johnson, 2006). However, not all hand laterality 
judgment tasks show an implicit engagement in motor imagery (see 
Steenbergen, van Nimwegen, & Craje, 2007). In contrast to other studies 
on the hand laterality judgment task (e.g., L. M. Parsons, 1994; Sekiyama, 
1982), the results by Steenbergen et al. (2007) showed that the participants 
did not use motor imagery, but visual imagery. The topic of Chapter 2 is 
to unravel these contradictory results. We found that the use of multiple 
rotational axes for rotating the hand stimuli influences motor imagery 
engagement.
Quantifying motor imagery
As for all psychological processes, motor imagery also has a concealed 
nature and hence participants may surreptitiously use alternative cognitive 
strategies that, if not screened for, could confound results (Sharma, Pomeroy, 
et al., 2006). Therefore, the use of objective and quantifiable measures is 
necessary to test for the use of motor imagery and to rule out the use of 
other strategies (de Lange, Roelofs, et al., 2008; Sharma, Pomeroy, et al., 
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2006). One way to control for the use of alternative strategies is to test for the 
engagement in motor imagery. This can be achieved by asking participants 
unpredictably with random time intervals to stop their mental movement 
and assess their current position (Sharma, Jones, et al., 2006). There are, 
however, also other methods for quantifying motor imagery engagement. 
The basis of these measures can be found in the simulation theory which 
states that motor imagery is in fact an action without the overt movement 
part in behavioural and neural terms (Jeannerod, 2001). This claim yields 
a number of implications (Currie & Ravenscroft, 1997), namely 1) That the 
temporal and kinematic properties of the actual and simulated movements 
are similar. 2) Vegetative responses as a result of actual movement should 
also be present during simulated movements. 3) Pathological conditions 
affecting actual movement should, in a similar fashion, influence motor 
imagery. 4) Motor control and maximal force should be improved by motor 
imagery training, and 5) The neural substrates of actual movement and motor 
imagery should be similar. One method for testing the temporal aspects 
quantitatively is to include a Fitts’ law test within a mental chronometry 
measure. Fitts’ law states that the time required to rapidly move towards 
a target area is a function of the distance to the target and the size of the 
target. The larger the distance and the smaller the target, the longer it takes 
to accurately reach the target (Fitts, 1954). It has been shown that Fitts’ law 
applies to both actual and imagined movement (Bakker et al., 2008; Bakker 
et al., 2007; Caeyenberghs, van Roon, Swinnen, & Smits-Engelsman, 2009; 
Caeyenberghs, Wilson, van Roon, Swinnen, & Smits-Engelsman, 2009; 
Sirigu et al., 1995). Another variant is to measure physiological changes 
following the mental simulation, for example vegetative responses such as 
heart rate and respiratory rate (Decety, Jeannerod, Germain, & Pastene, 
1991). 
 The hand laterality judgment task also enables to study the temporal 
and kinematic aspects of motor imagery engagement quantitatively. It 
has been shown that one’s posture influences performance on the hand 
laterality judgment task (de Lange et al., 2005; de Lange, Helmich, & Toni, 
2006; Ionta & Blanke, 2009b; Ionta, Fourkas, Fiorio, & Aglioti, 2007; Sirigu 
& Duhamel, 2001). Ionta et al. (2007) showed that holding one’s hands 
behind the back results in increased reaction times compared to keeping 
both hands on the lap. The time needed to react is analogous to the time 
needed to move one’s own hand into the position of the presented hand 
(L. M. Parsons, 1987; Sekiyama, 1982). These features exemplify that the 
mental rotation of one’s own hands is restricted to the same biomechanical 
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constraints as overt movement (L. M. Parsons, 1994). The influence of the 
biomechanical constraints on the imagined movement can also be found 
in reaction time differences for hand stimuli rotated laterally and medially. 
Laterally rotated hands are rotated away from the body’s midsagital plane 
and medially rotated hands are rotated toward the midsagital plane. Lateral 
rotations result in prolonged reaction times compared to medial rotations 
as laterally rotating one’s arm is more difficult (L. M. Parsons, 1994). 
Different strategies or mental movement paths are thought to underlie the 
observed differences between laterally and medially rotated hands (L. M. 
Parsons, 1987; Sekiyama, 1982). The use of different mental movement 
paths reflects the embodied nature of motor imagery processes. In Chapter 
3 and 4 we studied the use of these different movement paths both at the 
behavioural and at the electrophysiological level. Studying the processes 
involved in motor imagery allows one to explore the internal dynamics 
of motor control such as planning and preparation without sensory or 
motor interferences related to motor execution (de Lange, Roelofs, et al., 
2008). We found that laterally, but not medially, rotated hands induced 
typical mental rotation profiles of reaction times and electrophysiological 
components (Chapter 3). We also found that these differences are likely to 
result from a difference in the ability to use motor processes between lateral 
and medial rotations and that motor imagery plays a role in the process of 
selecting proper mental movements (Chapter 4).
 In addition, several studies have shown that pathological conditions 
of both peripheral and central nature affect overt and covert movements 
similarly. One example is the influence of chronic regional pain on motor 
imagery in a hand laterality judgment task (Moseley et al., 2008; Schwoebel, 
Friedman, Duda, & Coslett, 2001). It was shown that patients are slower 
in judging hand stimuli corresponding to their affected side compared to 
their unaffected side. Other examples include the influence of Parkinson’s 
Disease (Helmich, de Lange, Bloem, & Toni, 2007), Cerebral Palsy 
(Mutsaarts, Steenbergen, & Bekkering, 2007), (congenital) amputations 
(Funk & Brugger, 2008; Nico, Daprati, Rigal, Parsons, & Sirigu, 2004) and 
Developmental Coordination Disorder (Lust, Geuze, Wijers, & Wilson, 
2006). Motor imagery training has also been shown to be effective on 
motor control (Munzert et al., 2009). This concept is already often applied 
in sports (Brouziyne & Molinaro, 2005; P. Holmes & Calmels, 2008) and has 
also found its way into therapeutics (Dickstein & Deutsch, 2007; Sharma, 
Pomeroy, et al., 2006), although for the latter the beneficial effects are still 
a matter of debate (de Vries & Mulder, 2007). An important factor is that 
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motor imagery training is only effective when the participant is already 
capable of performing that movement (Mulder et al., 2004). Consequently, 
motor imagery can be used to improve performance, but cannot be used to 
learn new movements.
Neural and cognitive mechanisms of motor imagery 
Neuroimaging studies have shown that motor imagery involves the 
activation of widely distributed cerebral structures (Annett, 1995) (For 
a comprehensive review and meta-analyses see Grezes & Decety, 2001; 
Zacks, 2008.) During both explicit and implicit motor imagery tasks 
increases in activation have been found in the primary motor cortex (M1), 
premotor cortex, supplementary motor area and parietal lobe. All areas 
are known to be involved during action execution (Grezes & Decety, 2001; 
Lotze et al., 1999; Zacks, 2008). These findings imply a neural overlap 
between motor imagery and motor planning and execution (de Lange, 
Roelofs, et al., 2008). The involvement of M1 is however subject to debate. 
Several studies have reported an (attenuated) activation of M1 in motor 
imagery (e.g., Dechent, Merboldt, & Frahm, 2004; Lotze et al., 1999). 
But others did not find M1 involvement during motor imagery (e.g., de 
Lange et al., 2005; L. M. Parsons et al., 1995; Richter et al., 2000). This 
discrepancy might be explained by the different types of paradigms used 
(de Lange, Roelofs, et al., 2008). The parietal lobe has been shown to play 
a crucial role during motor imagery. It is known to be involved in the 
multimodal integration of sensory information and efferent copy signals 
for the construction of spatial representations (Andersen, Snyder, Bradley, 
& Xing, 1997). These spatial representations can be coordinated in both 
an allocentric- or egocentric frame of reference (Andersen & Buneo, 2002; 
Snyder, Grieve, Brotchie, & Andersen, 1998). In allocentric coordinates 
an object is spatially represented with respect to the environment. 
Egocentrically mapped objects are represented relative to the body on the 
basis of kinaesthetic information (e.g., proprioceptive and tactile sensory 
input), vestibular information and motor signals (Galati, Pelle, Berthoz, & 
Committeri, 2010). The intraparietal sulcus is involved in the merging of 
the motor plan with the allocentric and egocentric representation of (non-)
corporal objects (Colby & Goldberg, 1999; de Lange et al., 2005; Graziano, 
Cooke, & Taylor, 2000). Higher activation of the intraparietal sulcus with 
larger incongruence between the own posture and the desired end posture 
exemplifies this notion (de Lange et al., 2006). The topic of Chapter 5 is the 
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role of motor imagery in the process of representing objects as function 
of an allocentric entity (i.e., spatial distance) onto an egocentric frame of 
reference. We found that participants automatically simulate an action 
towards the observed (non-)corporal object when it is presented within 
grasp but not when the presented object is out of reach.
 As motor imagery can be seen as a combined process of both 
kinaesthetic and visual information processing (de Lange et al., 2005; 
Jeannerod, 1994), researchers have been interested in the weighted 
influence of the two factors on the motor imagery processes. Typically, 
one’s own posture and biomechanical constraints influence motor imagery 
processes (de Lange et al., 2006; L. M. Parsons, 1987; Sirigu & Duhamel, 
2001). In a study on the hand laterality judgment task Shenton et al. (2004) 
studied whether this postural influence is a result of solely kinaesthetic 
influences, visual influences or a combination of both. They found that 
the placement of the own arm influenced the participants’ performance 
irrespective of its visibility. Also replacing the own hand with a fake rubber 
hand did not result in an abolished influence of the real arm’s position. This 
led the authors to the conclusion that kinaesthetic information represents 
the dominant sensory input over visual information during motor imagery. 
However, it is still unclear whether the conflict between the body’s current 
posture and the motor imagery processes arises from the afferent input 
from the periphery or from centrally generated constructs based on former 
afferent input (Mercier et al., 2008). In the literature, there is ambiguity on 
this matter. Some studies have concluded that the postural conflict arises 
from peripheral afferent information (Mercier et al., 2008; Vargas et al., 
2004). However, in a recent study participants underwent local anaesthesia 
of the plexus brachialis (thereby blocking both afferent and efferent signals 
from and to the arm) while performing a hand laterality judgment task 
(Silva et al., 2011). Despite this temporary block of afferent information 
their results showed that movement kinaesthetics still influenced the 
motor imagery processes. Consequently, it might also be possible that the 
interaction between the body’s current posture and movement kinaesthetics 
on the one hand and the motor imagery processes on the other hand arise 
from centrally generated conflicts. This ambiguity is the topic of Chapter 
6 in which we studied the effect of the specific loss of kinaesthetic afferent 
information on motor imagery. We measured motor imagery engagement 
in the chronically peripherally deafferented patient IW. We found that 
the chronic loss of kinaesthetic feedback from the periphery results in 
affected motor imagery. We concluded that the inability to incorporate 
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kinaesthetic information into the simulated action is a result of a lack or 
distorted experience of the kinaesthetic aspects accompanying movement. 
Consequently, it is likely that the interaction between kinaesthetic 
information and the motor imagery processes is the result of a centrally 
generated conflict.
Finally, Chapter 7 provides a summary of this thesis and a general discussion 
on the motor imagery processes with their contextual dependencies. 
Furthermore, this chapter will provide suggestions for future research and 
possible applications of motor imagery in practice.
Chapter 2
Mental Rotation Task of Hands: Differential 
Influence of the number of Rotational Axes
Based on:
ter Horst, A.C., van Lier, R. & Steenbergen, B. (2010). Mental rotation task of 
hands: Influence number of rotational axes. Exp Brain Res, 203(2), 347-354
2
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Introduction
The mental rotation task is a well established paradigm to study the cognitive 
process of mentally rotating (non-)corporeal objects. Typically, observed 
reaction times (RTs) increase with increasing angles of rotation, indicating 
that participants mentally rotate the observed stimuli (Jeannerod & Decety, 
1995; L. M. Parsons, 1994; Shepard & Metzler, 1971). The mental rotation 
task was introduced by Shepard & Metzler in 1971. They used a task in 
which participants had to judge whether differently rotated 3D cube figures 
were identical or mirror reversed images of that figure (Shepard & Metzler, 
1971). It was found that RTs increased linearly with increasing angles of 
rotation. Other mental rotation studies used different paradigms in which 
the participants had to judge the laterality of shown hands, referred to as 
the hand laterality judgment task, first introduced by Sekiyama, (1982). 
He found that RTs for judging a hands’ laterality also increased with 
increasing angles of rotation. However, the RTs did not increase linearly 
but quadratic and were not symmetrical about 180° as is the case for 3D 
cube figures. This asymmetric quadratic RT profile was interpreted as 
evidence for the kinaesthetic influence on the mental rotation process of 
hands (Sekiyama, 1982). It was postulated that participants engage in an 
embodied mental process in which biomechanical constraints influence 
the duration of the mental rotation process (Decety, 1996a; Jeannerod, 
1994; L. M. Parsons, 1987; Sauner et al., 2006; Sekiyama, 1982; Shenton 
et al., 2004; Thayer & Johnson, 2006). The influence of kinesthetic aspects 
or biomechanical constraints was further postulated by Parsons (1994). 
He showed that the time needed to actually rotate the own hand to an 
identical position as the displayed rotated hand, corresponds to the time 
needed for a hand laterality judgment (L. M. Parsons, 1987, 1994). More 
specifically, he showed that hand rotations away of the mid-sagittal plane 
(i.e., lateral rotation) resulted in larger RTs than hand rotations towards 
the mid-sagittal plane (i.e., medial rotation) for both overt as imagined 
movement. Thus, the RT profiles of imagined hand rotations are subject 
to the same biomechanical constraints experienced for overt movement. 
Laterality judgments of hands that are subject to biomechanical constraints 
makes it conceivable that participants engage in embodied cognitive 
processing. This embodied processing is referred to as motor imagery 
(MI) (de Lange et al., 2006; de Lange, Roelofs, et al., 2008). As a result, 
RT differences between laterally and medially rotated stimuli can be used 
as an excellent measure to test for the engagement in MI. When engaged 
in MI, participants mentally plan and perform a movement from a first 
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person perspective without overtly performing the movement and without 
sensory feedback (Decety, 1996a, 1996b). The embodied nature of MI in a 
hand laterality judgment task was further evidenced by showing that RT 
profiles change as a consequence of changing the participant’s posture (de 
Lange et al., 2006; Helmich et al., 2007; Ionta & Blanke, 2009a; Ionta et al., 
2007; L. M. Parsons, 1994; Sirigu & Duhamel, 2001). Visual imagery (VI), 
on the other hand, encompasses simulating executing a movement from a 
third person perspective (Steenbergen et al., 2007). Consequently, VI is not 
subject to biomechanical constraints.
 Studies using hand laterality judgment tasks have not unequivocally 
shown to induce an MI strategy. As an example, it has been shown that 
participants with congenital alterations of posture on one side of the body, 
i.e. participants with hemiparetic cerebral palsy, lacked the presumed 
influence of posture on laterality judgments (Steenbergen et al., 2007). That 
is, it was hypothesized that these participants would show a different RT 
profile for laterality judgments of their affected versus their non-affected 
hand, but this was not evidenced by the data. In the study by Lust et al., 
(2006) groups of adults, healthy children and children suffering from 
developmental coordination disorder were tested on their engagement 
in MI during a hand laterality judgment task. Their results showed that 
RTs for both groups of children were subject to biomechanical constraints. 
However, the adult group showed no effect of biomechanical constraints 
and hence no engagement in MI (Lust et al., 2006).
 We propose that the differences observed in the literature on the 
influence of biomechanical constraints on laterality judgments, are due to 
the particulars of the stimulus set. The argument for this is following. In the 
studies of Lust et al., (2006) and Steenbergen et al. (2007) the stimulus sets 
contained mere pictures of hands presented from a back view perspective in 
different angles of rotation. In contrast, studies showing strong influences 
of biomechanical constraints used stimulus sets in which hands were 
presented from different viewpoints. See Table 1 for a short overview of 
literature on the hand laterality judgment task. Obviously, the use of these 
different perspectives from which the hand stimuli are presented yielded 
an increase in number of rotational axes and, as a consequence, an increase 
in overall task difficulty. Another factor that differed among studies and 
which may potentially cause the differential results, is the number of 
rotational steps of the displayed stimuli, see Table 1. However, the number 
of rotational steps appear to have only a marginal influence because in the 
study by Steenbergen et al., (2007) 18 different rotational angles were used 
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but no engagement in MI was found. Other studies, however, do show 
engagement in MI with as little as 4 angles of rotation (de Lange et al., 
2006). 
Author Year View Steps of 
rotation
MI 
engagement
Ionta  & Blanke 2009 hands and feet 
back, palm,  thumb, 
little finger
6 yes
de Lange et al. 2008 back, palm 7 yes
Ionta et al. 2007 as Ionta et al., 
(2009)
6 yes
Steenbergen et 
al.
2007 back 18 no
Helmich et al. 2007 back, palm 8 yes
de Lange et al. 2006 back, palm 4 yes
Lust et al. 2006 back 8 yes 
(children) no 
(adults)
Thayer & 
Johnson
2006 back, palm 6 yes
Sauner et al. 2006 back, palm 8 yes
Funk et al. 2005 back, palm 4 yes
Shenton et al. 2004 back, palm 6 yes
Parsons 1994 back, palm, thumb, 
little finger, front 
finger, back palm
12 yes
Parsons 1987 back, palm, thumb, 
little finger, front 
finger, back palm
12 yes
Sekiyama 1982 thumb, little finger,  
palm
8 yes
Note: Studies on hand laterality judgment task and results on MI engagement. Both stud-
ies using only back view hand stimuli show no MI engagement (for adults). In contrast, 
studies using multiple viewpoints of hands within their stimulus set do show engagement 
in MI.
Table 1: Studies on hand laterality judgment task
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Given such diverging results, we hypothesize that the use of more rotational 
axes within a stimulus set facilitates MI engagement. The argument for this 
is that simple tasks, in which only in-plane rotated back view hand stimuli 
are used (i.e., one axis of rotation), may promote the use of an alternative 
strategy based on the combination of finger and thumb orientation to 
solve the task (Lust et al., 2006). For more complex tasks, including for 
instance the use of both palm and back view hand stimuli, such a strategy 
will not suffice because an additional judgment on hand view is necessary 
next to judging hand laterality from the finger and thumb orientation. The 
inclusion of multiple rotational axes may therefore promote engagement 
in MI. 
 In the present study we used three different conditions in which the 
number of axes of rotation increased from one to three axes of rotation. 
We expected an increasing difference in RTs between lateral and medial 
rotated pictures of hands as a function of the number of rotational axes. 
More specifically, for 1 axis of rotation we expected to find no or marginal 
engagement in MI which will be evidenced by a marginal difference in RT 
between medial and lateral rotation, whereas increasing engagement in MI 
(i.e., increasing difference in RT between lateral and medial rotated hand 
pictures) is expected in the conditions with 2- and 3 axes of rotation.
Materials and methods
Participants
12 healthy right handed participants were included in the present study 
(8 female, age 22.5 ± 3.7 years, mean±SD). All participants had normal or 
corrected-to-normal vision. No participant had a history of neurological or 
psychiatric disorder. The study was approved by the local ethics committee 
and all participants gave written informed consent prior to the experiment, 
in accordance with the Helsinki declaration.
Stimuli
We used a custom made 3D hand model designed in a 3D image software 
package (Autodesk Maya 2009, USA). From this realistic model we 
constructed all stimuli that were used in the experiments. All stimuli were 
displayed on a 19” LCD computer screen, at a distance of approximately 70 
cm from the participants’ eyes, resulting in a visual angle of 6°. 
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The hand stimuli could be rotated over three axes, resulting in 3 different 
rotational directions, namely: in-plane, longitudinal (referred to as ‘view’), 
and in-depth, see Figure 1. Three different sets of stimuli were used, namely: 
Set-1 containing only in-plane rotated stimuli, Set-2 with both in-plane and 
longitudinal rotated stimuli, and Set-3 containing in-plane, longitudinal 
and in-depth rotated stimuli, see Figure 1. Left and right hands were mirror 
images of each other but otherwise identical. 
 In Set-1 we used back view left and right hand stimuli in 6 different 
angles of in-plane rotation (i.e. 0°, 60°, 120°, 180°, 240° and 300°), resulting 
in 12 different stimuli, see upper left cell of Figure 1. For Set-2 we used 
both back and palm view (i.e., 2 longitudinal rotational steps) stimuli of 
hands. All other aspects were identical to Set-1, resulting in 24 different 
stimuli, see upper row of Figure 1. In Set-3, the set of stimuli were identical 
to the stimuli used in Set-2 but with an additional 3 angles of in-depth 
rotations (i.e. 0°, 60°, 300°) with 0° parallel to the vertical plane, resulting 
in 72 different stimuli, see Figure 1. All stimuli were repeated 3 times 
resulting in 36 (12*3), 72 (24*3) and 216 (72*3) stimuli for Set-1, -2 and -3, 
respectively. 
Figure 1. Shown are all used hand stimuli for Set-1: upper row, left column; Set-2: upper 
row; Set-3: all stimuli. Angles within stimuli represent in-plane angular disparity and 
angles displayed in the ‘in-depth’ column represent in-depth angular disparity.
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Experimental procedure
Participants were seated in a chair positioned in front of the computer 
screen. Stimuli were presented using custom developed software in 
Presentation (Neurobehavioral systems, Albany, USA). The displayed 
stimulus was visible until a response was given after which a black screen 
was displayed. Participants had to respond by pressing the left button with 
their left hand for left hand-stimuli and the right button with their right 
hand for right hand-stimuli. Button responses and reaction times were 
digitally recorded for further analysis. Participants were instructed to judge 
the laterality of the hand as fast and as accurate as possible, without explicit 
instructions on how to solve the task.
 All stimuli were presented in 7 sequential blocks with breaks in 
between. These 7 blocks comprise: 1 block of Set-1 stimuli, 3 blocks of Set-
2 stimuli, and 3 blocks of Set-3 stimuli. All Sets were presented block-wise 
and sequential, preventing mixing of blocks of the Sets over the experiment. 
The order of Sets was randomized and balanced across participants. All 3 
sets were preceded by a test of 24 stimuli to familiarize the participants 
with the task.
Data analysis
Reaction times smaller than 300 ms and larger than 3500 ms were excluded 
from further analyses (total loss 3.2% of trials); these upper and lower 
boundaries are based on similar studies using a hand laterality judgment 
task (Ionta et al., 2007; Iseki, Hanakawa, Shinozaki, Nankaku, & Fukuyama, 
2008; L. M. Parsons, 1994; Sekiyama, 1987). Incorrect responses were a 
‘left’ response for a ‘right’ hand and vice versa. For analyses purposes, the 
different in-plane rotations were divided into medially and laterally rotated 
stimuli referred to as Direction Of Rotation (DOR) in order to measure 
engagement in MI. Medially rotated stimuli consisted of right hand 240° 
and 300°, and left hand 60° and 120° in-plane rotated stimuli. Laterally 
rotated stimuli consisted of right hand 60° and 120°, and left hand 240° and 
300° in-plane rotated stimuli. Reaction time and accuracy analyses were 
performed on correct responses and incorrect responses, respectively. Data 
analyses were performed using repeated measures analysis of variance 
(ANOVA). 
 First, we analyzed the influence of increasing angle of rotation 
in order to test for the use of mental rotation for all sets. To this aim we 
used an ANOVA with the following design: 2 within-subject factors (Set, 
Angle); with 3 levels for Set (Set-1, -2 and -3) and 4 levels for Angle (0°, 
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60°, 120° and 180°). With 60° being the averaged value of both 60° and 
300° in-plane rotated stimuli and 120° being the averaged value of both 
120° and 240° in-plane rotated stimuli. A significant effect for Angle with 
increasing RT with increasing angles of rotation would indicate the use of 
mental rotation (Shepard & Metzler, 1971). Then, we analyzed the effect 
of biomechanical constraints on the RTs by means of an ANOVA with the 
following design: 2 within-subject factors (Set, DOR); with 3 levels for Set 
(Set-1, -2 and -3) and 2 levels for DOR (lateral rotation, medial rotation). 
A significant Set by DOR interaction would indicate that the influence of 
biomechanical constraints (as measured with DOR) differs between sets. 
This latter ANOVA design was also used to analyze the accuracy data. Ad 
hoc analyses were Bonferroni corrected and alpha-level was set at p = 0.05.
Results
The total number of incorrect responses (i.e., 6.4% of all trials) corresponds 
to former studies (de Lange et al., 2006; Ionta et al., 2007). Between Sets, 
the accuracy differed significantly [F(2,20) = 4.692, p < 0.05, η² = 0.319]. 
Within Set-1, Set-2 and Set-3 the accuracy was 96.7%, 95.4% and 92.7% of 
the number of trials per set, respectively. Set-1 differed significantly from 
Set-3 (p < 0.05). No significant effect of DOR nor an interaction was found 
in the accuracy data.
 The mental rotation analysis revealed a significant main effect for 
both Set [F(2,22) = 43.380, p < 0.001, η² = 0.798] and Angle [F(3,33) = 
38.772, p < 0.001, η² = 0.779]. Additionally, a significant interaction of Set 
Figure 2. Reaction times for all three sets,  mirrored at 180° (i.e., 60° represents aver-
age RT for 60° and 300° rotated hand stimuli). Error-bars indicate standard error of the 
mean (SEM).
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by Angle [F(6,66) = 7.716, p < 0.001, η² = 0.412] was found. Ad hoc analyses 
revealed a significant increase of RT with increasing angles of rotation for 
all three sets: Set-1 [F(3,33) = 37.732, p < 0.001, η² = 0.774], Set-2 [F(3,33) 
= 20.941, p < 0.001, η² = 0.656] and Set-3 [F(3,33) = 28.789, p < 0.001, η² 
= 0.724]. However, the mean RT for 0° rotated stimuli in Set-3 was larger 
than the mean RT for 60° rotated stimuli in this set. This larger RT for 0° 
was caused by the in-depth rotated hand stimuli. Overall, RTs increased 
significantly with increasing angle of rotation for all three sets, see Figure 2. 
 The analysis on the influence of biomechanical constraints showed 
a significant main effect for Set [F(2,22) = 33.422, p < 0.001, η² = 0.75] and 
DOR [F(1,11) = 9.890, p < 0.01, η² = 0.47]. The Set effect was accounted 
for by the increase in RT for increasing numbers of rotational axes, 848 
ms, 1,123 ms, and 1,214 ms for Set-1, Set-2, and Set-3, respectively. Set-1 
differed significantly from both Set-2 and Set-3 (p < 0.001 and p < 0.001, 
respectively). Set-2 and Set-3 did not differ significantly from each other 
(p = 0.168). The DOR effect was accounted for by the increased RT for 
laterally rotated stimuli (1,117 ms) compared to medially rotated stimuli 
(1,006 ms). 
 In order to support our hypothesis about increasing difference in 
RT between laterally and medially rotated stimuli, we expected a significant 
interaction between Set and Direction Of Rotation (DOR). Indeed, the 
Figure 3. Reaction times for all 3 Sets divided into Lateral rotation and Medial rotation. 
Lateral rotation indicates rotations away from the mid-sagittal plane and medial rotation 
indicate rotations towards the mid-sagittal plane. As can be seen, the significant interac-
tion of Set by DOR (p < 0.01) as represented by the differences in RTs between lateral 
and medial rotation (i.e., DOR) increases with increasing number of axes of rotation. 
* indicate significance at the p < 0.05 level, ** indicate significance at the p < 0.01 level. 
Error-bars indicate standard error of the mean (SEM).
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ANOVA resulted in a significant interaction of Set by DOR [F(2,22) = 
8.196, p < 0.01, η² = 0.43], which was accounted for by the increasing 
difference in RTs between laterally and medially rotated stimuli over the 
stimulus sets, resulting in significant simple DOR-effects in Set-2 [F(1,11) 
= 5.964, p <0.05, η² = 0.35] and Set-3 [F(1,11) = 18.005, p <0.01, η² = 0.62]. 
Crucially, the simple DOR-effect of Set-1 was not significant (p = 0.578), 
see Figure 3. The simple DOR-effects differed significantly between Set-
1 and Set-2 [F(1,11) = 6.276, p < 0.05, η² = 0.363], and Set-1 and Set-3 
[F(1,11) = 13.344, p < 0.01, η² = 0.548] but not between Set-2 and Set-3 (p 
= 0.198).
 To control for the differences in mean RTs between the sets and its 
possible influence on the obtained DOR-effects of the sets, we conducted 
an additional ANOVA with the data being normalized into the range of 
[0-1]. The ANOVA contained the following design: 2 within subject factors 
(Set and DOR) with 3 levels for Set (Set-1, Set-2 and Set-3) and 2 levels 
for DOR (lateral rotation, medial rotation). The results replicate the results 
with the non-normalized data except for a non-significant Set effect (p = 
0.074). The lack of a significant Set effect indicates that the normalization 
was effective as it reduced the differences in absolute value of the mean RTs 
between the sets.
As we only obtained a significant DOR effect in the sets including palm 
view stimuli one might argue that only the palm view stimuli accounted for 
the obtained DOR effect in Set-2 and Set-3. To test whether a DOR effect 
is also present for in-plane rotated back-view stimuli (i.e., set-1 stimuli) 
within Set-2 and Set-3, we performed an ANOVA identical to the ANOVA 
testing the influence of biomechanical constraints, described in the ‘Data 
analysis’ section. However, we now only included RT values of the back-
view stimuli in all sets. This test enables us to examine whether only palm 
view or also back view stimuli induce the use of MI, depending on the 
context in which they are embedded. Additionally, this test shows whether 
participants used the same strategy for in-plane rotated back-view hand 
stimuli for all three sets, or not. 
 The ANOVA revealed a significant main effect of Set [F(2,22) = 
21.694, p < 0.001, η² = 0.664] and DOR [F(1,10) = 4.999, p < 0.05, η² = 
0.312] and an interaction of Set by DOR [F(2,22) = 3.429, p < 0.05, η² = 
0.238]. The interaction was accounted for by a lack of significant DOR effect 
for Set-1 (p = 0.578) and Set-2 (p = 0.237), but a significant DOR effect for 
the back-view stimuli in Set-3 [F(1,11) = 8.620, p < 0.05, η² = 0.439].
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Discussion
In this study we investigated the influence of multiple rotational axes in 
the stimulus set in a hand laterality judgment task on the participants’ 
engagement in MI. We hypothesized that an increase in the number of 
axes of rotation facilitates an MI strategy. The number of axes of rotation 
cumulated from 1 (i.e., in-plane) to 2, and 3 axes over 3 separate stimulus 
sets.
 According to the high accuracy in all sets, which are well above 
chance level and the increasing RT in all sets for increasing angle of rotation 
(see Figure 2), we may assume that participants did indeed mentally rotate 
the stimuli and were able to solve the mental rotation task accurately 
(Helmich et al., 2007; L. M. Parsons, 1994; Sekiyama, 1987; Shepard & 
Metzler, 1971). 
 We showed increased RT differences between laterally and medially 
rotated hand stimuli with increasing numbers of rotational axes, see Figure 
3, thereby exemplifying an increasing engagement in MI (Lust et al., 2006; 
L. M. Parsons, 1994). In Set-1 (containing only in-plane rotated back view 
stimuli) no effect of DOR was found. In contrast, both Set-2 (in-plane 
rotated, back- and palm view stimuli) and Set-3 (in-plane and in-depth 
rotated, back- and palm view stimuli) revealed a significant DOR effect. 
The DOR effects in both the Set-2 and Set-3 conditions were accounted 
for by a smaller RT for medial compared to lateral rotations, which is in 
correspondence the with literature (L. M. Parsons, 1987, 1994). These DOR 
effects cannot be attributed to the differences in general reaction times 
between the sets as shown by the results of the normalized data.
 One might argue that the lack of biomechanical influences for Set-1 
is a result of participants memorizing the Set-1 stimuli. This explanation of 
the results is plausible because the Set-1 stimuli are seen in all three sets, 
thereby facilitating the memorizing of the stimuli. Memorizing the Set-1 
stimuli would result in a lack of use of mental rotation because all stimuli 
would be directly recognized as being left or right hands. On the contrary, 
our results show that the participants did use mental rotation for Set-1 
stimuli. This was evident from the increase in RT with increasing angle of 
rotation, see Figure 2. Hence, participants did not simply memorize Set-1 
stimuli.
 The engagement in MI for Set-2 and Set-3 stimuli, might not 
necessarily result from the use of multiple rotational axes per se, but might 
result from strong DOR-effects only for palm-view stimuli. Indeed, our 
results indicate that we obtained biomechanical influences only for the sets 
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in which palm view stimuli were used. Consequently, we performed an 
additional analysis only on the back-view stimuli to see whether stimulus 
context would also result in differing strategy use between sets for the same 
type of stimuli. The results indicated that the context in which the stimuli 
(i.e., back-view) are embedded is of influence on the strategy use, as the 
interaction of Set by DOR was significant. The changing effects of DOR 
over the sets indicates that the particulars of a stimulus set (i.e., number of 
rotational axes) influences the strategy used to solve the mental rotation 
task for the complete set and that strategies are not necessarily linked to a 
particular type of stimuli.
 We expected an increase in RT from Set-1 till Set-3 because of the 
systematically adding of an extra rotational axis, thereby increasing the 
task difficulty. However, the general RTs did not increase linearly from 
Set-1 to Set-3, as can be seen in Figure 2. This non-linear increase may be 
accounted for by two aspects. At first the Set-1 stimuli were presented in 
a 2-dimensional framework and the stimuli in both Set-2 and Set-3 were 
presented in a 3-dimensional framework. It might be possible that, because 
of the dimensionality differences between the frameworks, the complexity 
increase is largest from Set-1 to Set-2, thereby introducing a larger overall 
increase in RT. Second, the non-linear increase may also be accounted for 
by the use of MI in both Set-2 and Set-3 and no MI in Set-1. This converges 
with findings of de Lange and colleagues, who showed that MI is a slower 
process than VI (de Lange et al., 2005).
 These findings beg the question as to what is the underlying cause 
of the observed differences in engagement in MI between the Sets? This 
question may be answered by examining the differences in DOR effects 
and the particulars of the stimuli between the three stimulus Sets. For the 
Set-1 condition, it was sufficient for participants to judge the hand laterality 
by focusing on the combined finger and thumb orientation by, for example, 
determining whether an ‘L’-shape can be observed. When this is possible, 
the presented hand must be a left hand or otherwise a right hand. This 
one possible strategy can be used for all angles of in-plane rotated stimuli. 
However, when palm view stimuli are added, the use of that same strategy 
is not sufficient because, for an upright hand orientation, the same thumb 
orientation can lead to both left and right judgments due to the inverted 
view (i.e. thumb oriented to the left denotes a right back view hand or 
a left palm view hand). Therefore, an additional judgment needs to be 
incorporated into the strategy, namely a view judgment. It might be that the 
incorporation of multiple judgments into a strategy facilitates the use of the 
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own body representation in order to judge the hand laterality. According to 
this suggested difference in strategy use, the inclusion of palm view stimuli 
within a stimulus set is crucial to induce MI engagement. The additional 
inclusion of in-depth rotation is likely to facilitate this engagement. 
 It has already been shown that humans are capable of choosing 
between two strategies in order to solve a mental rotation task (Kosslyn, 
Ganis, & Thompson, 2001; Tomasino & Rumiati, 2004). Studies on the 
hand laterality judgment task with children also show that there are two 
different strategies (Funk & Brugger, 2008; Lust et al., 2006). Collectively, 
it is likely that participants in our study also use two different strategies to 
solve the mental rotation task, which encompasses a visually based strategy 
for Set-1 (as no influence of biomechanical constraints is evident) and a 
motor guided strategy for Set-2 and Set-3. 
 In summary, this study shows that the number of axes of rotation 
of a stimulus set does critically influence the engagement in MI during 
a hand laterality judgment task. More specifically, combined use of palm 
and back view stimuli increases differences in RT between lateral and 
medial rotation compared to only presenting back view stimuli, implying a 
facilitated engagement in MI. Our results therefore show that participants 
do not automatically engage in MI in a hand laterality judgment task, 
but that engagement is critically dependent on the set of stimuli used. A 
simple set of stimuli might result in developing and using a strategy which 
lacks MI engagement, whereas, a more difficult set of stimuli promotes 
engagement in MI. These results have implications for generalization of 
results of different studies on the hand laterality judgment task and may 
explain some of the differences observed in MI engagement between 
studies. 
 These results also have implications for clinical applications. 
In several studies motor imagery is used for rehabilitation purposes by, 
for instance, stroke patients (Braun, Beurskens, Borm, Schack, & Wade, 
2006; Sharma, Pomeroy, et al., 2006), Parkinsonian patients and Complex 
Regional Pain Syndrome patients (Dickstein & Deutsch, 2007). A major 
challenge in these studies is to engage participants into the use of motor 
imagery. Only then similar brain networks are active as in actual motor 
control which enhances motor recovery. One way to establish this is by 
only including participants that are able to use motor imagery. Validated 
questionnaires such as the Movement Imagery Questionnaire (MIQ) can 
be used for this purpose. In addition, the use of a task which implicitly 
induces the use of a mental movement, such as the hand laterality judgment 
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task, would probably facilitate the patient’s ability to engage in a mental 
movement as this engagement does not depend on the conscious effort of 
the patient in selecting an embodied imagery strategy.
Chapter 3
Different Mental Rotation Strategies 
Reflected in the Rotation Related Negativity
Based on:
ter Horst, A.C., Jongsma, M.L., Janssen, L.K., van Lier, R. & Steenbergen, 
B. (2012). Different mental rotation strategies reflected in the rotation related 
negativity. Psychophysiology, 49(4), 566-573.
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Introduction
Over the past four decades the mental rotation task has been studied 
intensively at both the behavioural and neuronal level. In a mental rotation 
task, participants have to judge rotated stimuli on their similarity with a 
reference picture (e.g. Shepard & Metzler, 1971) or on the laterality (viz. 
is it left or right) in case of hand- (e.g. Sekiyama, 1982) or foot pictures 
(e.g. L. M. Parsons, 1987). Typically, reaction time (RT) increases with 
increasing angles of rotation. For hand stimuli, performance is influenced 
by biomechanical constraints as is evident from differences in RT’s 
between laterally and medially rotated hand pictures (L. M. Parsons, 1994). 
Laterally rotated hands are rotated away from the body’s midsagital plane 
and medially rotated hands are rotated towards the body’s midsagital plane. 
Medially rotated hand pictures are judged faster than laterally rotated 
pictures (Helmich et al., 2007; Sauner et al., 2006; Shenton et al., 2004; ter 
Horst et al., 2010; Thayer & Johnson, 2006; Tomasino & Rumiati, 2004). 
The observed RT profiles mimic movement times for actually rotating one’s 
hand laterally or medially as rotating one’s hand laterally is more difficult 
than rotating one’s hand medially (L. M. Parsons, 1987, 1994). This process 
of mental movement is often referred to as Motor Imagery (MI) as it is 
a mental rehearsal or a simulation of a movement without actual overt 
movement (Decety, 1996c).
 As actual and simulated movements are similarly influenced by 
the biomechanical constraints of the performer, both are constrained by 
one’s movement abilities. Indeed, different strategies or movement paths 
are thought to underlie the observed differences in RT profiles between 
laterally and medially rotated hands (L. M. Parsons, 1987). For laterally 
rotated hand stimuli, RT’s increase with increasing angle of rotation, which 
points to the use of a mental rotation process (Sekiyama, 1982; Shepard 
& Metzler, 1971). For medially rotated hand stimuli, however, the RT 
curve does not increase with increasing angle of rotation, but is relatively 
unaffected by the rotational angle of the stimuli. Parsons (1987) showed 
that, during a hand laterality judgment task, hands are likely to be mentally 
rotated along two different paths. The first is the rotations-by-dimension 
path in which hands are rotated in sequence along the three different main 
axes (longitudinal-, sagittal- and frontal axis), see Figure 1. Hand rotations 
along this rather inefficient path result in the typically observed increasing 
RT with increasing angles of rotation. The rotation-by-dimension path is 
likely to be used for laterally rotated hand stimuli (L. M. Parsons, 1987). 
Alternatively, for medially rotated hand stimuli, participants are likely to 
Mental rotation strategies reflected in RRN 35
3
use the shortest-path strategy in which an imaginary axis is used to flip 
the observed hand 180° in order to covertly orient the own hand onto the 
observed hand’s orientation, see Figure 1. This path results in a (nearly) 
horizontal RT curve as one only needs to (imaginary) flip the own hand 
180° over one axis for palm-view hand stimuli. The rationale for using two 
different strategies for laterally and medially rotated palm-view hand stimuli 
originates from the ability to adopt an observed hand posture. For laterally 
rotated stimuli, postures are difficult to adopt as rotations in several joints 
are required, especially for laterally rotated stimuli with angles between 90° 
Figure 1. Examples of two paths, along which a hand can be covertly rotated in a hand 
laterality judgment task. The first hand picture represents the (mental) starting position 
from which a mental movement is initiated. The final hand picture represents the end-
posture, i.e. the mentally imitated stimulus orientation. A) Rotation-by-dimension path, 
using a sequence of rotations along the main axes. At first the hand, seen from the back, is 
rotated 180° along the longitudinal axis after which the hand, now seen from the palm, is 
rotated in-plane toward the stimulus orientation. B) Shortest path, in which an imaginary 
axis is used as rotational axis to rotate the hand 180°. This axis corrects for all orientation 
differences. Arrows indicate the direction of the rotation and the straight lines and the 
bulls-eye indicate rotational axes. Picture adapted from Parsons, 1987.
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and 180°. In contrast, for medially rotated palm-view stimuli, flexing the 
wrist together with a supination is sufficient (L. M. Parsons, 1987, 1994). 
Important to note is that the differences in reaction time profiles between 
lateral and medial rotations are most pronounced for palm-view stimuli 
and to a lesser extent for back-view hand stimuli (L. M. Parsons, 1987).
 The mental rotation process itself was shown to be reflected in a 
modulated positive waveform approximately between 300 to 800 ms and 
is inversely related to the rotational angle of the stimulus, with decreasing 
amplitudes for increasing angles of rotation (Heil, 2002; Heil et al., 1998; 
Heil & Rolke, 2002; Peronnet & Farah, 1989). This gradual decrease in 
amplitude is thought to be caused by a superimposed negativity on the 
simultaneously prevailing P300 complex (Peronnet & Farah, 1989; Wijers, 
Otten, Feenstra, Mulder, & Mulder, 1989) and is referred to as Rotation 
Related Negativity (RRN) (Lust et al., 2006; Nunez-Pena & Aznar-Casanova, 
2009; Nunez-Pena, Aznar, Linares, Corral, & Escera, 2005). The RRN has 
been shown to be an electrophysiological correlate of the mental rotation 
process (Heil, 2002; Heil et al., 1998; Heil & Rolke, 2002). Notwithstanding 
the differences between the mental rotation of corporeal and non-corporeal 
objects on both the behavioural and the neurological level, the RRN was 
present during the mental rotation of both types of objects (Heil, 2002; 
Lust et al., 2006; Tao et al., 2009; Thayer & Johnson, 2006; Thayer, Johnson, 
Corballis, & Hamm, 2001). In line with the RRN for non-corporeal objects, 
the RRN in a hand laterality judgment task gradually increases in amplitude 
with increasing angle of rotation. This provides converging evidence that 
the RRN is an electrophysiological marker for the mental rotation process 
itself.
 Despite the well-studied electrophysiological processes of the RRN 
for both corporeal- as non-corporeal objects, the electrophysiological 
correlates of the use of different strategies (i.e., rotation-by-dimension and 
shortest-path) in a hand laterality judgment task, due to the engagement 
in MI, have not been addressed in the literature. That is, our study is the 
first to focus on the electrophysiological reflection of the use of different 
mental rotation paths (i.e., rotation-by-dimension-path and shortest-path) 
as function of the direction of rotation. The use of different mental rotation 
paths reveals the influence of biomechanical constraints on the simulated 
movements (i.e. MI) and hence reflects the embodied nature of the task. An 
important aspect of MI is its tight link with executed actions (Jeannerod, 
2001). Studying the processes involved in MI allows one to explore the 
internal dynamics of motor control such as planning and preparation 
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without sensory or motor interferences related to motor execution (de 
Lange, Roelofs, et al., 2008). The current study focuses on the modulation 
of the RRN as a function of the rotational direction of palm-view hand 
stimuli (i.e. laterally or medially). We hypothesized that for lateral rotations 
a typical RRN would be observed and that, in contrast, for medial rotation 
no such RRN would be observed as the RT profiles of the latter do not 
imply the use of a gradual rotational process. In the present study, we 
used a mental rotation task of hands. We used palm-view stimuli because 
these stimuli were shown to elicit different rotational strategies for the 
different rotational directions more prominently than back-view stimuli 
(L. M. Parsons, 1987). In addition, we used back-view stimuli filler trials 
as the use of a single view has been shown not to elicit the use of MI (ter 
Horst et al., 2010). The participants’ engagement in MI is crucial to elicit 
the use of different strategies between laterally and medially rotated hand 
stimuli. During the task, we measured RT’s and EEG signals. From the 
latter, we calculated ERP’s. The use of different mental rotation strategies 
is assumed to reflect the influence of biomechanical constraints. The RRN, 
in turn, is shown to reflect the mental rotation process. Consequently, the 
hypothesized differences in the presence of an RRN between laterally and 
medially rotated stimuli is likely to reflect the embodied nature of the task 
at the neural level.
Method
Participants
Fourteen healthy individuals participated in the experiment after written 
informed consent was acquired. All participants had normal or corrected-
to-normal vision and were right-handed. None of the participants reported 
a history of neurological or psychiatric disorders. Due to error rates 
exceeding 20%, the data of two participants were excluded from further 
analyses. Data of the remaining twelve participants (one male) aged 18-26 
years (M = 20.5, SD =2.46) were used for analysis. The study was approved 
by the local ethics committee, in accordance with the Helsinki declaration.
Stimuli
Stimuli were black/white line drawings of left and right hands. Both back 
and palm view stimuli were shown. Hands were presented from two views 
(i.e., from the back and front) in 10 different orientations, starting at 0° 
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(fingers pointing up) and rotated clockwise to 40°, 75°, 110°, 145°, 180°, 
215°, 250°, 285°, 320° yielding a total of 40 different stimuli, see Figure 2. 
All stimuli were displayed on a 19” LCD computer screen, at a distance of 
approximately 70 cm from the participants’ eyes, resulting in a visual angle 
of approximately 6°. 
Experimental procedure
A hand laterality judgment task was used to implicitly evoke MI (de Lange, 
Roelofs, et al., 2008; ter Horst et al., 2010). Participants had to decide 
whether a given stimulus was a left or right hand by pressing one of two 
buttons with their index fingers and were instructed to do so as accurate and 
fast as possible. The left and right buttons corresponded to a left- and right-
hand judgment of the observed stimulus, respectively. No instructions on 
possible strategy use were given. The experiment consisted of 10 consecutive 
blocks of 90 trials each. We presented back and palm view hand stimuli in 
an 1:8 ratio. Palm view stimuli were repeated 40 times. Back view stimuli 
served as filler trials. Stimuli were shown sequentially by custom developed 
software in the Presentation software package (Neurobehavioral systems, 
Albany, USA) and were randomised and counterbalanced for every block 
and counterbalanced over subjects. Trials started with a white fixation 
cross, shown for 0.5 – 1.5 s followed by a stimulus. When a response was 
given, the stimulus disappeared. Inter-stimulus-intervals (ISI) lasted for 1.5 
– 2.5 s and varied randomly.
 Participants were seated in a sound-shielded room in front of a 
computer screen. Participants were asked not to make eye movements or 
eye blinks during trials, but to consistently blink a few times immediately 
after a response was given. In between blocks, participants could rest. 
Figure 2. Examples of stimuli. Every orientation (0°, 40°, 75°, 110°, 145°, 180°, 215°, 250°, 
285°, 320°), laterality (left, right) and view (back, palm) are shown.
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Reaction times and judgments (left/right) were recorded. The actual blocks 
were preceded by a 60 stimuli test trial to familiarize the subject with the 
task. 
EEG recordings
EEG signals were recorded with a 64-channel actiCap (MedCaT B.V. 
Netherlands) according to the International 10-20 system, on a computer 
running Brain Vision Recorder, and were amplified by two 32-channel 
BrainAmp DC EEG amplifiers. A ground electrode was placed over 
AFz and all electrodes were referenced to the left mastoid online and re-
referenced offline to linked mastoids. Electrode impedance was kept below 
5 kΩ. The signal was digitized at 500 Hz and filtered online between 0.016 
Hz (i.e., 10s time-constant) and 250 Hz. Horizontal and vertical EOG were 
recorded from the remaining three electrodes, placed on the outer canthi 
and below the right eye.
Behavioural data analysis
Trials with reaction times below 300 ms or above 3500 ms were excluded 
from analysis. These boundaries were chosen based on former studies 
using a hand laterality judgment task (de Lange et al., 2006; Ionta et al., 
2007; ter Horst et al., 2010; ter Horst, van Lier, & Steenbergen, 2011). 
From the remaining data-set, erroneous responses were used to calculate 
the error rate for individual subjects. Incorrect trials are those with left 
responses for right hand stimuli and vice versa. Only correct responses 
for palm-view stimuli were used for further analysis of the RT’s. To assess 
whether participants used MI during the task, we tested for the influence 
of biomechanical constraints. To that aim, the differences in RT’s between 
laterally and medially rotated hand stimuli were analyzed (L. M. Parsons, 
1987, 1994; ter Horst et al., 2010). Laterally rotated stimuli consisted of 40°, 
75°, 110° and 145° rotated right hand stimuli and 215°, 250°, 285° and 320° 
rotated left hand stimuli. Medially rotated hand stimuli consisted of 215°, 
250°, 285° and 320° rotated right hand stimuli and 40°, 75°, 110° and 145° 
rotated left hand stimuli, see Figure 2. In the following we will refer to this 
distinction between lateral and medial rotations as Direction Of Rotation 
(DOR).
 A 2x4 repeated measures ANOVA was performed to test for the 
influence of rotational angle and biomechanical constraints on the reaction 
times with the following design: 2 within-subject factors (Angle, DOR); 
with 4 levels for Angle (40°, 75°, 110° and 145°) and 2 levels for DOR 
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(Lateral, Medial). A significant effect of Angle, accounted for by increasing 
RT’s with increasing angles of rotation, would indicate that participants 
mentally rotated the hand stimuli (Kosslyn, DiGirolamo, Thompson, & 
Alpert, 1998; Sekiyama, 1982; Shepard & Metzler, 1971; ter Horst et al., 
2010). A significant DOR effect would indicate that RT’s were subject to 
biomechanical constraints and hence the use of MI (L. M. Parsons, 1994; 
ter Horst et al., 2010). The erroneous responses were analyzed separately 
in an identical ANOVA. Alpha level was set at p = 0.05 and Bonferroni 
correction was applied when appropriate.
ERP data analysis
Offline processing of the ERP data was conducted in BrainVision Analyzer 
version 1.05 (Brain Products GmbH, Munich). Only ERP’s corresponding 
to correct palm-view trials were analyzed. ERP’s were calculated relative to 
stimulus onset from -200 to 700 ms. ERP’s were filtered between 0.016 and 
80 Hz. Baseline correction was applied using a -150 to 0 ms pre-stimulus 
interval. Trials with movement artifacts were excluded from analysis on 
the basis of careful visual inspection of the raw data. Ocular artifacts were 
corrected using a semi-automatic correction procedure based on the 
logarithm of Gratton and Coles (1983). Grand averages were calculated for 
the same angles as used in the RT-data analysis (i.e., 40°, 75°, 110°, 145°) for 
both lateral and medial rotations. 
 Visual inspection of the grand averages showed a parietal P300 
peak followed by the expected RRN between 450 and 600 ms. Furthermore, 
during visual inspection, we found an unexpected P290 peak from 280 
to 300 ms with changing amplitudes as function of our experimental 
manipulations. Both peaks were most pronounced at parietal electrode 
sites. Consequently, and in accordance with the literature, ERP’s for both 
the P290 and RRN were quantified at the Parietal Region Of Interest (ROI) 
containing the electrodes P3, Pz and P4 (Beste, Heil, & Konrad, 2010; 
Gootjes, Bruggeling, Magnee, & Van Strien, 2008; Heil, 2002; Heil & Rolke, 
2002; Prime & Jolicoeur, 2009).
 Amplitudes averaged over the electrodes within the parietal ROI 
were analyzed in repeated measures ANOVAs with the factors Angle and 
DOR; with 4 levels for Angle (40°, 75°, 110° and 145°) and 2 levels for DOR 
(Lateral, Medial). This ANOVA design was used for the P290 and RRN 
ERP data. Alpha level was set at p = 0.05 and Bonferroni correction was 
applied when appropriate.
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Results
Behavioural
The total number of erroneous responses over all participants (i.e., 3.2% 
of all trials) corresponds to former studies (de Lange et al., 2006; ter Horst 
et al., 2010). The ANOVA on erroneous responses revealed no significant 
effects or interaction.
 The ANOVA on the RT data revealed a significant main effect of 
Angle [F(3,33) = 7.201; p < 0.01; η² = 0.396; ε = 0.839] and DOR [F(1,11) = 
38.080; p < 0.001; η² = 0.776; ε = 1.00]. The DOR-effect was accounted for 
by a smaller mean RT for medially (986 ms) compared to laterally (1138 
ms) rotated stimuli. The interaction of DOR by Angle was also significant 
[F(3,33) = 6.648; p < 0.001; η² = 0.377; ε = 0.951]. Planned further analysis 
revealed a significant simple Angle-effect for lateral [F(3,33) = 9.898; p < 
0.001; η² = 0.474; ε = 0.986], but not medial rotations (F(3,33) = 1.876; p 
= 0.187), see Figure 3. For lateral rotations, RT’s increased linearly (p < 
0.005). Ad-hoc analyses revealed that RT’s for 40° (1077 ms) and 75° (1129 
ms) differed significantly from 145° (1301 ms) (p < 0.05). RT differences 
between 110° (1197 ms) and 145° just failed to reach conventional levels of 
significance after correction for multiple comparisons (p = 0.055).
Figure 3.  Reaction times as function of rotational axes, shown per rotational direction 
(i.e. lateral and medial). * Indicates significance at the p < 0.05 level, # indicates p-value of 
0.055. Error-bars denote standard error of the mean.
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ERP data
The ERP’s elicited at the electrodes within the ROI are depicted in Figure 
4. The ANOVA on the ERP P290 data revealed a significant main effect 
of DOR [F(1,11) = 6.721; p < 0.05; η² = 0.379; ε = 0.656] and a significant 
interaction of Angle by DOR [F(3,33) = 4.176; p < 0.02; η² = 0.275; ε = 
0.797]. Simple effect analyses revealed a significant Angle effect for medial 
Figure 4. ERP’s relative to stimulus onset for laterally rotated hand stimuli (left panel) and 
medially rotated hand stimuli (right panel). Scalp topographies represent the ERP ampli-
tude at the P290 time interval (left panel) and RRN time interval (right panel).
Mental rotation strategies reflected in RRN 43
3
[F(3,33) = 4.908; p < 0.01; η² = 0.309; ε = 0.873], but not for lateral rotations 
(F(3,33) = 1.998; p = 0.143), see Figure 5. Further analyses on medially 
rotated stimuli revealed a significant difference between 40° and 110° 
rotated stimuli (p < 0.02). The amplitude difference between 40° and 145° 
rotated stimuli did not result in a significant difference after Bonferroni 
correction (p = 0.077). See also Figure 5.
The ANOVA on the RRN ERP data revealed a significant main effect of 
Angle [F(3,33) = 4.645; p < 0.02; η² = 0.267; ε = 0.739] and a significant 
two-way interaction of Angle by DOR [F(3,33) = 3.612; p < 0.05; η² = 0.247; 
ε = 0.730]. The significant two-way interaction indicates a modulated 
amplitude as function of angular disparity between laterally and medially 
rotated stimuli, see Figure 6. Further analysis revealed a significant simple 
effect of Angle for lateral [F(3,33) = 7.698; p < 0.005; η² = 0.412; ε = 0.876], 
but not medial rotations (p = 0.404). Further analyses on the lateral rotations 
revealed significant difference between 40° and 110° and 145° (all p < 0.05). 
The decrease in amplitude with increasing angle of rotation was found to 
be linear (p < 0.01). No quadratic or cubic trends were found significant (all 
p > 0.2). See also figure 6.
Figure 5. Mean P290 amplitudes within the ROI (i.e. P3, Pz and P4) per direction of rota-
tion as function of angle. * Indicates significance at the p < 0.05 level. Error-bars denote 
standard error of the mean.
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Discussion
In this study, we analyzed RT’s and ERP’s from a hand laterality judgment 
task. It is well known that such a task induces the use of a mental rotation 
process of the own hands (de Lange, Roelofs, et al., 2008; L. M. Parsons, 
1994; ter Horst et al., 2010). Parsons (1987) showed that participants 
use different mental rotation strategies for medially and laterally rotated 
stimuli. In the present study, we examined whether these different 
rotational strategies are also reflected at the neural level as assessed by 
electrophysiological measurements. Due to the close relation between 
increasing RT with increasing angles of rotation and the mental rotation 
process, we hypothesized that the RRN would only be present for lateral 
rotations and not for medial rotations. 
Behavioural data
We replicated the finding of Parsons (1987), by showing an increase in RT 
for increasing angles of rotations for lateral, but not medial rotations, see 
Figure 3. The increase in RT for lateral rotations is likely to originate from 
the used rotation-by-dimension process, as pointed out by Parsons (1987). 
Due to the awkward posture of laterally rotated hands, participants use 
an inefficient (but effective) strategy to mentally move their own hand to 
the stimulus’ orientation. For medially rotated hands, the body’s movement 
Figure 6. Mean RRN amplitudes within the ROI (i.e. P3, Pz and P4) per direction of rota-
tion as function of angle. * Indicates significance at the p < 0.05 level. Error-bars denote 
standard error of the mean.
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abilities allow an effective and efficient strategy, reflecting the ability to 
rotate one’s hand over different angles by supination and flexion of the 
wrist (i.e., shortest path rotation).
ERP data
In accordance with our hypothesis and in line with previous studies, we 
found a significant general effect of increasing negativity with increasing 
angle of rotation of the RRN. Importantly, this RRN was only present for 
laterally and not medially rotated stimuli, see Figure 6. For lateral rotations, 
the observed amplitude decreased linearly with increasing angle of rotation. 
This RRN for lateral rotations is likely to reflect the in-plane rotation 
process during the rotation-by-dimension method. This is in line with 
the literature on the mental rotation of non-corporeal objects and letters 
(Heil, 2002), showing that the in-plane mental rotation of the stimulus is 
reflected in the RRN. Additionally, the observed RRN for lateral rotations 
fits our behavioural data as they show an increase in RT as function of 
angle for lateral rotations. Consequently, our findings further confirm the 
close relation between the RRN and the in-plane mental rotation process.
 Furthermore, the time-window in which the RRN was significant 
for lateral rotations in our study (i.e. 450-600 ms) is in correspondence 
with the literature. The observed time-window for the RRN differs between 
studies and extends from 300 to 800 ms (Milivojevic, Hamm, & Corballis, 
2009; Thayer & Johnson, 2006). Additionally, the observed distribution of 
the RRN over the parietal electrodes is also in correspondence to former 
literature (Heil, 2002; Heil et al., 1998; Heil & Rolke, 2002; L. M. Parsons, 
2003; Prime & Jolicoeur, 2009; Tao et al., 2009; Thayer & Johnson, 2006; 
Thayer et al., 2001). In fMRI studies on the mental rotation task, the 
superior parietal cortex has been shown to be active during mental rotation 
tasks (de Lange et al., 2005; de Lange et al., 2006; Harris & Miniussi, 2003; 
Vingerhoets et al., 2002). The superior parietal cortex is regarded as an 
essential brain region for mental rotation. This area is involved in aspects 
of spatio-visual processing (de Lange et al., 2005; Graziano et al., 2000) and 
is thought to relate observed objects to egocentric or allocentric frames of 
reference (L. M. Parsons, 2003). The latter is of specific relevance during a 
mental rotation task.
 We also obtained a P290 peak, reflecting a modulated influence of 
angle between the rotational directions. In contrast to the RRN, the P290 
revealed that the rotational angle influences ERP amplitudes for medial, 
but not lateral rotations. The amplitude at the P290 for medial rotations 
Chapter 346
increases with increasing angle of rotation. Hence, the observed effect 
cannot be attributed to an earlier onset of the RRN which is described as a 
negative going process superimposed on the P300 waveform (Wijers et al., 
1989). This relatively early process is thought to reflect early visuo-spatial 
processing (Gootjes et al., 2008), with the increase in amplitude possibly 
reflecting an increase in mental effort with increasing angle of rotation 
(Pritchard, 1981; Ullsperger, Metz, & Gille, 1988).
 The dissociation between the task-dependent processing of laterally 
and medially rotated stimuli is in line with former research, stating that 
prior to the mental rotation process itself a strategy is selected (Desrocher, 
Smith, & Taylor, 1995; Ruchkin, Johnson, Canoune, & Ritter, 1991). The 
differences between the processing of angular disparity for lateral and 
medial rotations in both behavioural and electrophysiological data are likely 
to relate to the use of different strategies as supposed by Parsons (1986). 
The remarkable resemblance in both RT- as well as ERP data between the 
mental rotation of non-corporeal objects (e.g. Heil, 2002) and laterally 
rotated hands might point to the use of a more visually based strategy for 
laterally rotated hands compared to medially rotated hands. This is also 
intuitively feasible as lateral rotations are difficult to perform and as such, 
a non-motor based strategy might be more efficient. For medial rotations, 
a motor based strategy is highly efficient due to the ability to rotate the 
own hand medially. However, this remains speculative as it goes beyond 
the scope of the current study. In future research, it might be interesting 
to study Mu-band synchronization and desynchronization between lateral 
and medial rotations as a measure for the involvement of an embodied 
based imagery (i.e. MI) (Pineda, 2005).
 In a recent study on the neurophysiological correlates of the hand 
laterality judgment task, no modulated difference in the RRN was found 
between lateral and medial rotations (Tao et al., 2009). The apparent 
contrast between the study of Tao et al. and our results is likely to be 
caused by differences in stimulus sets. Tao et al. (2009) only used back-view 
stimuli. As shown by Parsons 1987, performance for back-view stimuli is 
less affected by biomechanical constraints compared to palm-view stimuli.
 In our study, eleven female and one male participant were included. 
In the literature, gender differences have been observed during mental 
rotation tasks (B. W. Johnson, McKenzie, & Hamm, 2002; T. D. Parsons 
et al., 2004; Seurinck, Vingerhoets, de Lange, & Achten, 2004). Parsons et 
al. (2004) showed that the generally observed RT advantage of men over 
women is only present for 2-dimensional presented 3-dimensional objects 
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and is not present in mental rotation tasks of 3-dimensional presented 
3-dimensional objects. This finding implicates that the male advantage does 
not apply to the mental rotation process per se, but rather in the derivation 
of 3D objects from 2D objects (Neubauer, Bergner, & Schatz, 2010; T. D. 
Parsons et al., 2004). In this case our results might be applicable to both 
sexes, as our study focuses on the mental rotation process itself. However, 
the onset of the RRN for women has been shown to differ from that of 
men (Gootjes et al., 2008). Furthermore, although no gender differences in 
the pattern of parietal activation were found in an fMRI study (Seurinck 
et al., 2004), EEG studies showed contradicting results concerning P300 
amplitude differences between male and female participants (Desrocher et 
al., 1995; B. W. Johnson et al., 2002). Given these findings, caution should 
be taken in generalizing our results to both genders.
 In sum, our findings show that the behaviourally observed differences 
between lateral and medial rotations are also reflected in differences at the 
neural level. The electrophysiological processes concerning the processing 
of angular differences for lateral and medial rotations differ in onset latency 
and for lateral rotations an RRN is observed. For medially rotated hand 
stimuli, however, no increase in RT with increasing angle of rotation was 
found in the RRN interval, pointing to the absence of a typical in-plane 
mental rotation process. Instead, an increase of a P290 was observed with 
an increase in rotational angle. These observed differences between medial 
and lateral rotations are likely to reflect the use of different strategies for 
the different rotational directions due to the embodied nature of the hand 
laterality judgment task. 
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Chapter 4
Mental Rotation Strategies Reflected in the 
Event Related (De)Synchronization of Alpha 
and Mu Power
Based on:
ter Horst, A.C., van Lier, R. & Steenbergen, B. (revised version submitted). 
Mental Rotation Strategies reflected in the Event Related (De)Synchronization 
of Alpha and Mu Power.
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Introduction
During a mental rotation task, participants mentally rotate a shown stimulus, 
for example a hand, in order to judge whether that stimulus is a left or a right 
hand. During the mental rotation of hands, participants typically imagine 
to move their own hand into the orientation of the shown stimulus in order 
to judge its laterality (L. M. Parsons, 1987, 1994; Sekiyama, 1982, 1987). 
The participant’s performance during a mental rotation task of hands is 
influenced by one’s own body posture (de Lange et al., 2005; de Lange et al., 
2006; Helmich et al., 2007; Ionta & Blanke, 2009b; Ionta et al., 2007; Sirigu & 
Duhamel, 2001), movement constrictions (i.e., biomechanical constraints) 
(L. M. Parsons, 1987, 1994; ter Horst et al., 2010, 2011; Tomasino & Rumiati, 
2004) and pathologies related to the motor system (de Lange, Roelofs, et 
al., 2008; Funk & Brugger, 2008; Harris, Harris, & Caine, 2002; Helmich 
et al., 2007; Lust et al., 2006; Moseley et al., 2008; Mutsaarts et al., 2007; 
Nico et al., 2004; Sirigu & Duhamel, 2001). These findings exemplify the 
embodied nature of the mental process during the mental rotation task of 
hands. This process is also referred to as Motor Imagery (MI). During MI, 
an action is internally simulated including the kinaesthetic sensations but 
without the overt movement part (Decety, 1996a, 1996c; Guillot & Collet, 
2010; Jeannerod, 1994). As stated in the simulation theory (Jeannerod, 
2001), MI is similar to actual movements and has been shown to activate 
similar neuronal processes as actual movement (Jeannerod, 1994, 2001; see 
for review Jeannerod, 2006). In contrast to motor imagery, Visual Imagery 
(VI) encompasses mental visual transformations of (non-)corporeal objects 
without a kinaesthetic sensation (Guillot & Collet, 2010). Consequently, VI 
is not subject to biomechanical constraints or postural changes (de Lange 
et al., 2005).
 The influences of the biomechanical constraints on the mental 
rotation of hands has been studied extensively on a behavioural level by 
Parsons (1987, 1994). It was shown that participants are faster in judging 
the laterality of hands oriented in anatomically easier to adopt postures 
(i.e., medial rotations) than more difficult to adopt postures (i.e., lateral 
rotations). Medial and lateral rotations are hands rotated towards and away 
from the body’s midsagittal plane, respectively, see Figure 1. The influence 
of biomechanical constraints on the mental rotation process is seen as 
evidence for the use of MI (L. M. Parsons, 1987, 1994; ter Horst, Jongsma, 
Janssen, van Lier, & Steenbergen, 2012; ter Horst et al., 2010, 2011). L. M. 
Parsons (1987) scrutinized the influence of the biomechanical constraints 
on the mental movements by showing that participants are likely to use 
Mental rotation strategies reflected in ERD/ERS 51
4
different mental movement paths for internally rotating one’s hands 
medially or laterally. The selection of a these movement path is based on 
anatomically induced movement constraints. Medial rotations, especially 
when rotating one’s hand with the palm in view, are biomechanically easy 
to perform. In contrast, lateral rotations are biomechanically difficult or 
even impossible to perform. From the literature it is already known that 
the experience with performing a movement is mandatory to be able to 
internally simulate that movement (Munzert et al., 2009). Consequently, for 
medial rotations it is likely that the corresponding motor simulations can 
be performed. For lateral rotations, on the other hand, the experience with 
the movement lacks and hence it is unlikely that an accompanying motor 
simulations can be performed. The latter is in line with recent findings 
from our lab (ter Horst et al., 2012). We found a remarkable resemblance 
between the mental rotation of laterally rotated hands and non-corporeal 
objects, typically inducing VI (de Lange et al., 2005), in both behavioural 
as electrophysiological.
 In the current study, we explore the possible differential 
involvement of motor processes between mentally rotating one’s hand 
laterally and medially. That is, for laterally, but not medially, rotated hands 
the mental rotation process might rely more on VI than on MI. This is also 
intuitively feasible as lateral rotations are difficult to perform and, as such, 
a visual strategy might be more efficient. We used electroencephalography 
(EEG) to measured oscillatory power in the alpha frequency range (i.e., 
~8–12 Hz) to study MI and VI engagement during the mental rotation of 
hands. The use of EEG provides an excellent opportunity to distinctively 
investigate the contributions of visual and motor processes during mental 
rotation. In particular, EEG power in the alpha frequency range was 
shown to provide a valid measure to uncover the relationship between 
the task and the involvement of visual and motor processes (Pfurtscheller, 
Brunner, Schlogl, & Lopes da Silva, 2006; Pfurtscheller & Neuper, 1997; 
Pfurtscheller, Neuper, Andrew, & Edlinger, 1997; Pineda, 2005; van der 
Helden, van Schie, & Rombouts, 2010). In line with the simulation theory 
(Jeannerod, 2001), desynchronization of the mu rhythm, which is strongest 
over central electrode sites, has been found to be induced during both overt 
as covert movement (see for review Pineda, 2005). By the same token, it 
has been shown that the alpha rhythm, which is strongest over occipital 
electrode sites, desynchronizes during tasks that require visual attention, 
such as a mental rotation task of non-corporeal objects (Michel, Kaufman, 
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& Williamson, 1994). We used a similar mental rotation task of hands as in 
ter Horst et al. (2012), but now with a delayed response to prevent potential 
confounding of motor preparations on the mu-power ERD.
 To test our hypothesis we calculated the event-related-(de)
synchronization (ERD/ERS) in the alpha frequency range at both central 
and occipital electrode sites for laterally and medially rotated hand 
stimuli, reflecting the involvement of MI and VI processes respectively. 
We expected to find a stronger ERD for medial rotations than for lateral 
rotations at central electrode sites as medial rotations are biomechanically 
possible to perform, whereas lateral rotations require more awkward and 
biomechanically difficult to perform (mental) movements. This would 
reflect a stronger involvement of motor processes in biomechanically 
easy than in biomechanically difficult to perform (mental) movements. 
Furthermore, we did not expect to find differences in alpha-power ERD 
between medially and laterally rotated hands as MI encompasses VI (de 
Lange et al., 2005), at least partly (Pelgrims, Andres, & Olivier, 2009).
Method
Participants
Seventeen healthy individuals participated in the experiment after written 
informed consent was acquired. All participants had normal or corrected-
to-normal vision and were right-handed. None of the participants reported 
a history of neurological or psychiatric disorders. Due to incorrect task 
compliance, the data of one participant was excluded from further analyses. 
Data of the remaining sixteen participants (two male) aged 18-22 years (M 
= 19.6, SD = 1.31) were used for analysis. The study was approved by the 
local ethics committee, in accordance with the Helsinki declaration.
Stimuli
We used a custom made 3D hand model designed in a 3D image software 
package (Autodesk Maya 2009, USA). From this realistic model we 
constructed all stimuli that were used in the experiments. Both back and 
palm view stimuli were shown of left and right hands. These stimuli were 
presented in 6 different orientations, starting at 0° (fingers pointing up) 
and rotated clockwise to 60°, 120°, 180°, 240° and 300° yielding a total 
of 24 different stimuli, see Figure 1. All stimuli were displayed on a 19” 
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LCD computer screen, at a distance of approximately 60 cm from the 
participants’ eyes, resulting in a vertical visual angle of approximately 6° 
with the fingers pointing up.
Experimental procedure
A hand laterality judgment task was used to implicitly evoke MI (de Lange, 
Roelofs, et al., 2008; ter Horst et al., 2010). Participants had to decide 
whether a given stimulus was a left or right hand by pressing one of two 
buttons with their index fingers and were instructed to do so as accurate 
and fast as possible. The participants had to press one of the two buttons 
situated on the left and right, for the laterality judgment. No instructions on 
possible strategy use were given. The experiment consisted of 5 consecutive 
blocks of 54 trials each. We presented back and palm view hand stimuli 
in a 1:8 ratio. Unique conditions of palm view stimuli were repeated 20 
times (i.e., 20 repetitions per unique stimulus). Back view stimuli served 
as filler trials. Stimuli were shown sequentially by custom developed 
software in the Presentation software package (Neurobehavioral systems, 
Albany, USA) and were randomised and counterbalanced for every block 
and over subjects. A trial started with the presentation of a black screen 
for 2000 ms, followed by a white fixation cross that was presented on a 
black background randomly between 1000 ms and 1200 ms. After the 
fixation cross disappeared a hand stimulus was presented. The participants 
were instructed to withhold their response until one of the two possible 
response screens were presented after 2000 ms. The response screens were 
replaced by a new black screen for the next trial after a response was given, 
see Figure 2. The response screens consisted of the words ‘left’ and ‘right’ 
(in that order) in 50% of the trials or ‘right’ and ‘left’ in the other 50% of 
the trials, see Figure 2. The participants were instructed to press the button 
Figure 1. Hand stimuli as used in the experiment.
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corresponding to the side of the word which they thought represented the 
laterality of the shown hand stimulus. For example, when the participant 
thought that a left hand was shown s/he had to press the left button when 
the upper response screen in Figure 2 was visible. In the case the lower 
response screen in Figure 2 was presented the participant had to press the 
right button.
 Participants were seated in a sound-shielded room in front of 
a computer screen. They were asked not to make eye movements or eye 
blinks during the presentation of the fixation cross and hand stimuli, but 
to consistently blink a few times immediately after a response was given. 
In between blocks participants could rest. The EEG signals, reaction times 
and judgments (left/right) were recorded. The actual blocks were preceded 
by a 24 stimuli test block to familiarize the subject with the task.
EEG recordings
EEG signals were recorded with a 64-channel actiCap (MedCaT B.V. 
Netherlands) according to the International 10-20 system, on a computer 
running Brain Vision Recorder, and were amplified by two 32-channel 
BrainAmp DC EEG amplifiers. A ground electrode was placed over 
Figure 2. The sequence of events during the experiment. First a black screen was presented 
for 2000 ms after which a fixation cross was presented between 1000 and 1200 ms. After 
the fixation cross a stimulus was presented for 2000 ms. Participants were instructed not 
to respond until one of the two response screens appeared. In 50% of the trials, the upper 
response screen was shown and in the other 50% of the trials, the lower response screen 
was shown. Participants had to press the button at the same side as the word describing 
the correct laterality of the shown stimulus.
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AFz and all electrodes were referenced to the left mastoid online and re-
referenced offline to linked mastoids. Electrode impedance was kept below 
5 kΩ. The signal was digitized at 500 Hz and filtered online between 0.016 
Hz (i.e., 10s time-constant) and 250 Hz. Horizontal and vertical EOG were 
recorded from the remaining three electrodes, placed on the outer canthi 
and below the right eye.
Data analysis
Offline processing of the EEG data was conducted in BrainVision Analyzer 
version 1.05 (Brain Products GmbH, Munich). Only data corresponding to 
correct palm-view trials were analyzed. We focussed on palm-view stimuli 
as these exhibit the most pronounced differences in mental movement 
paths between lateral and medial rotations (L. M. Parsons, 1987; ter Horst 
et al., 2012). Trials with movement artifacts were excluded from analysis 
on the basis of careful visual inspection of the raw data. Trials with ocular 
artifacts during the presentation of the fixation cross or hand stimuli were 
also excluded from further analyses. 
 The quantification of ERD/ERS was performed in four steps 
(Pfurtscheller & Lopes da Silva, 1999). We first applied a bandpass filter in 
the alpha frequency range (i.e., 8 – 12 Hz) after which we determined the 
power by squaring and averaging over the trials. Averages were calculated 
for lateral and medial rotations. Laterally rotated stimuli consisted of 60° 
and 120° rotated right hand stimuli and 240° and 300° rotated left hand 
stimuli. Medially rotated hand stimuli consisted of 240° and 300° rotated 
right hand stimuli and 60° and 120° rotated left hand stimuli, see Figure 1. 
In the following we will refer to this distinction between lateral and medial 
rotations as Direction Of Rotation (DOR). The ERD/ERS was expressed 
as percentage power decrease (ERD) and increase (ERS) with respect to 
a 1000 ms reference interval prior to stimulus onset (Pfurtscheller et al., 
2006; Pfurtscheller & Lopes da Silva, 1999). 
 For statistical analyses, bilateral regions of interest (ROI) were 
identified for alpha-power (PO7, PO3 and O1; PO8, PO4 and O2) and mu-
power (C5, C3 and C1; C6, C4 and C2). In the literature, mu- and alpha-
power ERD/ERS has been shown to be most pronounced over central 
and occipital electrode sites, respectively (Pfurtscheller & Neuper, 1997; 
Pfurtscheller et al., 1997; van der Helden et al., 2010). Furthermore, we 
focussed our analyses on the time interval between 300 and 800 ms post 
stimulus onset. This time interval has been shown to specifically reflect the 
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mental rotation process itself (Heil, 2002; Heil & Rolke, 2002; Milivojevic 
et al., 2009; Overney, Michel, Harris, & Pegna, 2005; Tao et al., 2009; ter 
Horst et al., 2012; Thayer & Johnson, 2006; Thayer et al., 2001).
 Amplitudes averaged over the electrodes within the ROIs were 
analyzed in a repeated measures ANOVA with the factors DOR, Location 
and Hemisphere; with 2 levels for DOR (Lateral, Medial), 2 levels for 
Location (Central, Occipital) and 2 levels for Hemisphere (Left, Right). 
Alpha level was set at p = 0.05 and Bonferroni correction was applied when 
appropriate.
Results
The amount of erroneous responses for all participants consists of 7.3 % 
of all trials. The grand average mu and alpha ERD/ERS over all ROIs are 
shown in Figure 3. In line with our hypothesis, the results showed a larger 
ERD for medial than for lateral rotations at the central ROIs, as reflected 
in a simple DOR-effect [F(1,15) = 8.514; p < 0.02; μ² = 0.362; ε = 0.779] at 
the central ROI’s. The simple DOR-effect at the Occipital locations was not 
significant (p > 0.86). These simple effects gave rise to a significant DOR by 
Location interaction [F(1,15) = 5.135; p < 0.05; μ² = 0.255; ε = 0.564]. There 
is also an overall difference in ERD between both hemispheres as shown by 
the significant main effect of Hemisphere [F(1,15) = 19.446; p < 0.001; μ² 
= 0.565; ε = 0.984] and a general difference in ERD between both locations 
as was reflected in a significant main effect of Location [F(1,15) = 6.422; p 
< 0.05; μ² = 0.300; ε = 0.659].
Figure 3. Effects on Alpha and Mu power. Left graph represents the Alpha and Mu power 
for the left hemisphere. The right graph represents the Alpha and Mu power for the right 
hemisphere. * denotes significance at the  p < 0.05 level. Error bars represent the standard 
error of the mean.
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Discussion
In the current study we investigated the possible differential involvement 
of motor processes between lateral and medial rotations in a hand laterality 
judgment task. We focused on oscillatory power in the frequency alpha 
frequency range (~8 - 12 Hz) and found a larger ERD in the mu-power at 
central electrode sites for medial rotations compared to lateral rotations. 
We also found a left hemispheric dominance for alpha and mu power 
decrease.
 Mu band ERD is shown to reflect the activity of motor processes 
(Pineda, 2005). Therefore, a larger mu-power ERD during the laterality 
judgment of medially compared to laterally rotated hands shows that the 
involvement of motor processes is more pronounced for medial rotations 
than for lateral rotations. Interestingly, there is also a clear ERD of the mu 
power for lateral rotations, see Figure 3. Consequently, it is likely that there 
is also an involvement of motor processes during the laterality judgment of 
lateral rotations, though not as pronounced as for medial rotations.
 The differential involvement of MI between biomechanically 
easy and more difficult to adopt postures begs the question as to how the 
brain distinguishes between both conditions and how the brain selects 
the appropriate consecutive strategy. The implicitly induced use of MI is 
likely to be the key process for distinguishing between the continued use of 
MI for medially rotated hands and a transition from MI to VI for laterally 
rotated hands. That is, MI can be seen as a process due to which a selection 
of the appropriate movement is made in the action planning process on the 
basis of the biomechanical constraints (Craje et al., 2010; S. H. Johnson, 
2000; Mutsaarts et al., 2007). That is, at the start of the laterality judgment 
process MI is implicitly induced as a consequence of the presentation of 
corporeal objects (L. M. Parsons, 1994). When medially rotated hands 
are shown, MI can be used throughout the entire judgment process as 
the movement falls within the body’s movement capabilities. For lateral 
rotations however, it is biomechanically possible to rotate one’s hand a few 
degrees, but further lateral rotations are biomechanically complex or even 
impossible. Consequently, the MI process is likely to be padded with VI. 
This is in line with our current results as they show that motor processes 
are involved for lateral rotations, though not as pronounced as for medial 
rotations. Furthermore, recent studies have shown that early in the laterality 
judgment process (i.e., around 300 ms post stimulus onset) a distinction is 
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made between medial and lateral rotations (Overney et al., 2005; ter Horst 
et al., 2012), possibly corresponding to a differential processing of laterally 
and medially rotated hands.
 The transition from MI to VI for lateral rotations might be induced 
by the time consuming simulation of complex and awkward lateral 
rotations, which is inefficient. However, it is more likely that the experience 
with rotating one’s hand laterally plays a crucial role in the use of VI instead 
of MI. As laterally rotating one’s hand is biomechanically difficult or even 
impossible, it is likely that participants have no proper experience with 
performing such movements. Consequently, these movements cannot be 
simulated using MI, because having experience with a certain movement is 
conditional to simulate that movement (Grush, 2004; Mulder et al., 2004).
 We did not find a difference in alpha power decrease between 
both rotational directions. This is in line with the notion that MI (partly) 
encompasses VI processes (de Lange et al., 2005; Pelgrims et al., 2009). 
Furthermore, we did obtain a hemispheric difference in power decrease with 
a larger ERD in the left hemisphere as compared to the right hemisphere, 
see Figure 3. This difference might be a result of the participants being 
right handed as handedness was previously shown to influence mu-power 
ERD patterns (Stancak & Pfurtscheller, 1996). Specifically, right handed 
participants show a more pronounced left lateralized ERD during right 
hand movements than right lateralized ERD during left hand movements. 
Consequently, because the participants were presented with an equal 
number of left- and right hand stimuli, the stronger ERD in the left 
hemisphere is likely to be caused by the stronger left lateralization of mu-
power ERD for right handed participants.
 In conclusion, our findings show that the behavioural and ERP 
differences between laterally and medially rotated hands are also reflected 
in non-phase locked electrophysiology. We found that the use of motor 
imagery is more pronounced for biomechanically easy to adopt postures 
(i.e., medial rotations) than for biomechanically difficult or even impossible 
postures (i.e., lateral rotations). Medial rotations are biomechanically 
possible to perform and hence MI can be used to simulate this movement. 
For the lateral rotations it is likely that there is no experience in rotating 
one’s hands laterally and hence MI cannot be used to completely simulate 
this movement. Therefore, VI is likely to be used to complete the lateral 
mental rotations. This difference reflects the role of MI during movement 
planning in differentiating between biomechanically possible and 
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impossible movements. Hence, these findings provide further evidence for 
the embodied nature of MI and that the involvement of motor processes 
during imagery rely on movement experience.
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Chapter 5
Spatial Dependency of Motor Imagery
Based on:
ter Horst, A.C., van Lier, R. & Steenbergen, B. (2011). Spatial dependency of 
action simulation. Exp Brain Res, 212(4), 635-644.
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Introduction
The space immediately surrounding our body is often referred to as the 
peripersonal space (Rizzolatti, Fadiga, Fogassi, & Gallese, 1997). Objects 
within this peripersonal space (PPS) can be reached for, grasped and 
manipulated (N. P. Holmes & Spence, 2004). Objects situated beyond this 
space, termed as extrapersonal space (EPS), cannot be grasped without 
moving oneself or the object. Besides the suggested properties of the PPS 
on the phenomenological level, the PPS has been shown to be multimodal 
in nature (Graziano, 1999; Maravita, Spence, & Driver, 2003) and neurally 
dissociateable from the EPS in both, primates (Caggiano, Fogassi, Rizzolatti, 
Thier, & Casile, 2009; Duhamel, Colby, & Goldberg, 1998; Fogassi et al., 
1996; Fogassi et al., 1999; Graziano, Hu, & Gross, 1997; Graziano, Yap, & 
Gross, 1994; Murata et al., 1997; Rizzolatti, Scandolara, Matelli, & Gentilucci, 
1981a, 1981b) as well as humans (di Pellegrino, Ladavas, & Farne, 1997; 
Gallivan, Cavina-Pratesi, & Culham, 2009; Ladavas, di Pellegrino, Farne, & 
Zeloni, 1998; Ladavas, Zeloni, & Farne, 1998; Makin, Holmes, & Zohary, 
2007; Mattingley, Driver, Beschin, & Robertson, 1997; Pavani, Spence, & 
Driver, 2000). Objects observed within PPS are typically mapped in motor 
terms, i.e. related to the egocentric frame of reference (Graziano, 1999; 
Makin et al., 2007). 
 In 2005, Gallese formulated the action simulation hypothesis, 
stating that observed objects within PPS are automatically mapped onto 
an egocentric frame of reference by action simulation (Gallese, 2005, 2007; 
Gallese & Lakoff, 2005; Knox, 2009). This hypothesis was based on, among 
others, the findings of Graziano (1999), who showed an egocentric mapping 
of observed stimuli near the primates’ arm. Graziano (1999) also showed 
that the ventral premotor cortex in humans is similarly activated during 
observation, naming and the imagined use of objects (Chao & Martin, 2000; 
Grafton, Arbib, Fadiga, & Rizzolatti, 1996). According to Gallese (2007), 
the perception of an object within reach automatically triggers a “plan” to 
act, that is, a simulated potential action. This implicitly induced simulated 
action would then, in turn, represent the observed object in motor terms, 
thereby mapping the object onto an egocentric frame of reference (Gallese, 
2007; Gallese & Lakoff, 2005).
 Still, today’s findings supporting the action simulation hypothesis 
do not provide direct empirical evidence for the implicit use of action 
simulation. That is, despite the important findings on differential firing 
of visuomotor neurons and elicitation of affordances to objects situated 
in PPS (Costantini, Ambrosini, Tieri, Sinigaglia, & Committeri, 2010), no 
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study has focused on the behavioural performance inherently related to the 
use of action simulation. In true action simulation the imagined movement 
must exhibit the same biomechanical constraints as the overt movement 
(Jeannerod, 2001, 2006). Using this facet, the simulation of actions can be 
studied directly by testing the influence of biomechanical constraints on 
the performance.
 A well established experimental paradigm to study the possible 
influence of biomechanical constraints is the mental rotation task (de 
Lange, Roelofs, et al., 2008; L. M. Parsons, 1994; ter Horst et al., 2010). In 
a mental rotation task of hands, participants have to judge the laterality of 
a presented picture of a rotated hand. The time needed to react typically 
increases with increasing angle of rotation (Sekiyama, 1982) and is 
analogous to the time needed to move one’s own hand into the position of 
the presented hand (L. M. Parsons, 1987). These features exemplify that the 
mental rotation of one’s own hands is restricted to the same biomechanical 
constraints as overt movement (L. M. Parsons, 1994). This influence can 
be found in reaction time differences for hand stimuli rotated laterally and 
medially. That is, laterally rotated hands are rotated away from the body’s 
midsagital plane and result in prolonged RTs compared to medially rotated 
stimuli (rotated toward the midsagital plane) as laterally rotating one’s 
arm is more difficult (L. M. Parsons, 1994; ter Horst et al., 2010). Besides 
biomechanical constraints, one’s posture also influences performance on 
the hand laterality judgment task (de Lange et al., 2005; de Lange et al., 
2006; Ionta et al., 2007). Ionta et al. (2007) showed that holding one’s hands 
behind the back decreases performance compared to keeping both hands 
on the lap. These biomechanical and postural influences point to the use of 
an underlying embodied process denoted as Motor Imagery (MI) (Ionta et 
al., 2007). 
 MI is defined as a process in which participants mentally simulate a 
movement from a first person perspective without overtly performing the 
movement and without sensory feedback due to overt movement (Decety, 
1996a, 1996b). Moreover, it has been shown that MI is a form of action 
simulation (Currie & Ravenscroft, 1997). This fits well with the simulation 
theory, stating that covert actions are neurally simulated actions and that 
all aspects of the action are involved during the simulation process, except 
for the movement execution itself (Jeannerod, 2001, 2006).
 In the present study we addressed the research question whether 
action simulation, i.e., MI, during object observation exhibits spatial 
dependency. Specifically, we aimed to test whether the engagement in MI 
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is enhanced for stimuli presented in the PPS compared to stimuli presented 
in the EPS, in accordance with the action simulation hypothesis (Gallese & 
Lakoff, 2005). In order to test the spatial dependency of action simulation, 
we conducted two experiments. In these experiments, we addressed two 
consecutive questions in order to scrutinize the spatial dependency of 
action simulation. In the first experiment, we tested the spatial dependency 
of the automatic action simulation of the effector itself. In the second 
experiment, we tested whether the hypothesized automatically simulated 
movement of the effector towards an passively observed graspable object 
exhibits spatial dependency. Both experiments are complementary as 
experiment 1 focuses on the simulation of motor acts of the effector and 
experiment 2 focuses on the object-effector interaction. In experiment 1, 
we used a hand laterality judgment task. Typically, presenting rotated hands 
induces the use of MI to solve the task even when they are presented about 
60 cm away from the participant (Ionta & Blanke, 2009b; Ionta, Fourkas, & 
Aglioti, 2010; Ionta et al., 2007; Lust et al., 2006; L. M. Parsons, 1987, 1994; 
Shenton et al., 2004), but see ter Horst et al. (2010) for exceptions. In order 
to show a possible differential engagement in MI for hand stimuli presented 
in the PPS compared to the EPS we needed a set of stimuli typically not 
inducing MI when presented in the EPS. Therefore, we used a stimulus 
set containing back view hand stimuli which were recently shown not to 
induce the use of MI when presented at a distance of 60 cm in contrast to 
hand stimulus sets that used combinations of back and palm view hand 
stimuli (ter Horst et al., 2010). We expected a lack of engagement in MI 
when the stimuli were presented in EPS. In contrast, for stimuli presented 
within PPS, we expected the participant to engage in MI. In experiment 2, 
we used an identical experimental design as for experiment 1. However, 
we replaced the hand stimuli with stimuli of graspable objects (i.e., cups). 
Participants were required to judge the laterality of the displayed cups. We 
hypothesized that the observation of graspable objects within PPS, but 
not EPS, automatically induces the use of MI. This expectation is in line 
with the action simulation hypothesis and would provide direct empirical 
evidence for an automatic coding of observed objects within PPS in motor 
terms. 
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Experiment 1
Participants
In total, 21 healthy right handed participants were included in the present 
study (16 female, age 20.5 ± 3.0 years, mean±SD). Two participants were 
excluded from analysis due to an error percentage of more than 15%. All 
participants had normal or corrected-to-normal vision. No participant 
had a history of neurological or psychiatric disorder. The study was 
approved by the local ethics committee and all participants gave written 
informed consent prior to the experiment, in accordance with the Helsinki 
declaration.
Stimuli
Stimuli were derived from a 3D hand model designed with a 3D image 
software package (Autodesk Maya 2009, USA). The stimulus set consisted 
of back view left and right hand stimuli rotated over 6 different angles from 
0° to 360° in steps of 60°. The left and right hand stimuli were mirror images 
of each other, but otherwise identical, see Figure 1. Stimuli were projected 
on a flat surface of 100 cm by 80 cm by a beamer (Sharp NoteVision) with 
a resolution of 1024 x 768 pixels at 70 Hz. Stimulus size was 320 X 256 
pixels (i.e., 31.25 by 25 cm). The size of the presented hands was realistic, 
approximately 20 cm by 12 cm. All stimuli were repeated 16 times resulting 
Figure 1. Shown are all used hand stimuli. Angles represent in-plane angular disparity.
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in a grand total of 384 stimuli (16 * 6 angles * 2 sides * 2 locations). Prior to 
the experiment a test of 24 stimuli was run to familiarize the participants 
with the task.
Experimental procedure
Participants were seated in a chair positioned in front of the table. 
Stimulus presentation was controlled using custom developed software 
in Presentation (Neurobehavioral systems, Albany, USA). Prior to the 
stimulus a fixation cross was presented at the centre of the table in between 
the two possible stimulus locations for a variable duration between 800 
ms and 1200 ms. The participants were instructed to focus on the fixation 
cross. After this, the stimulus was presented and was visible until a response 
was given. Participants had to respond by pressing the left button with their 
left hand for left hand-stimuli and vice versa. After the response, a black 
screen was displayed for 1000 ms. Participants were instructed to judge the 
laterality of the hand as fast and as accurate as possible, without explicit 
instructions on how to solve the task.
 The participants positioned their hands on the table surface with 
the palms oriented downward, approximately 30 cm in front of their 
body. Both of the participant’s hands were occluded from view by a black 
cloth. The stimuli were presented in two locations, namely in between the 
Figure 2. Experimental set-up. Hand stimuli are presented one at a time on the Near or 
Far location. The participants were seated with the hands at both sides of the stimulus 
presented at the Near location. During the experiment the hands of the participants were 
occluded by a cloth.
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participants’ hands, referred to as ‘Near’ (i.e., PPS), and 60 cm in front 
of the participants hands, referred to as ‘Far’ (i.e., EPS), that is, 90 cm in 
front of the participant’s body, see Figure 2. This resulted in different visual 
angles for stimuli in the ‘Near’ (~ 25°) and ‘Far’ (~ 4°) location. Stimuli at 
both locations had equal physical size. Stimuli were presented one at a time 
in only one of the two locations. All stimuli were presented in 8 sequential 
blocks of 48 stimuli each with breaks in between. The order of the location 
at which a stimulus was presented was randomized per block.
Data analysis
Reaction times smaller than 500 ms and larger than 3500 ms were 
excluded from analysis (total loss 4.7 % of all trials). These upper and lower 
boundaries are based on similar studies using a hand laterality judgment 
task (Ionta et al., 2007; Iseki et al., 2008; L. M. Parsons, 1994; Sekiyama, 
1987). Analysis was performed on correct responses. Incorrect responses 
were a ‘left’ response for a ‘right’ hand and vice versa. To test for the possible 
involvement of biomechanical constraints, we measured RT differences 
between laterally and medially rotated hand stimuli (de Lange, Roelofs, 
et al., 2008; L. M. Parsons, 1987, 1994; ter Horst et al., 2010) referred to 
as Direction Of Rotation (DOR). Medially rotated hand stimuli consisted 
of right hand 240° and 300°, and left hand 60° and 120° rotated stimuli. 
Laterally rotated stimuli consisted of right hand 60° and 120°, and left hand 
240° and 300° rotated stimuli. Data analysis was performed using repeated 
measures analysis of variance (ANOVA).
 In order to test whether participants mentally rotated the stimuli, 
we conducted a repeated measures ANOVA with the following design: 2 
within-subjects factors (Location, Angle); with 2 levels for Location (Near, 
Far) and 4 levels for Angle (0°, 60°, 120° and 180°). The values labeled 
60° and 120° are the averaged RTs of 60° and 300°, and 120° and 240° 
rotated stimuli, respectively. A significant effect of Angle, accounted for 
by increasing RTs with increasing angles of rotation, would indicate that 
participants mentally rotated the hand stimuli (Ionta et al., 2007; Kosslyn 
et al., 1998; L. M. Parsons, 1994; Sekiyama, 1982, 1987; Shepard & Metzler, 
1971; ter Horst et al., 2010).
 To test our hypothesis on the facilitated engagement in MI for 
stimuli presented in the location ‘Near’ compared to stimuli presented in 
the location ‘Far’, we conducted a repeated measures ANOVA which tested 
the engagement in MI via the influence of biomechanical constraints. This 
influence would be evident by a significant DOR effect. This ANOVA had 
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2 within-subject factors (Location, DOR); with 2 levels for Location (Near, 
Far) and 2 levels for DOR (Lateral, Medial). The rationale for using two 
separate ANOVA’s is the exclusion of the 0° and 180° stimuli for testing the 
DOR-effect as they are neither laterally nor medially rotated. The exclusion 
of these two rotational angles obviates valid testing of the typical Angle-
effect obtained in a mental rotation task. The latter ANOVA design was 
also used to analyze the accuracy data. Post hoc analysis were Bonferroni 
corrected and alpha-level was set at p = 0.05. 
Results experiment 1
The total number of erroneous responses (i.e., 4.4% of all trials) corresponds 
to former studies (Ionta et al., 2007; ter Horst et al., 2010). The ANOVA 
on the accuracy data revealed a significant DOR effect [F(1,21) = 4.404; 
p < .05; η² = .173]. This effect was accounted for by a lower accuracy for 
laterally compared to medially rotated stimuli. No other effects were found 
significant.
 For the correct responses, the ANOVA on RT’s per Location and the 
angular disparity revealed a significant effect of Angle [F(3,54) = 85.217; p < 
.001; η² = .826]. This effect revealed an increase in RTs for increasing angles 
Figure 3. Reaction times as function of angular disparity in experiment 1 for both loca-
tions, mirrored at 180° (i.e., 60° and 120° represent average RT for 60° and 300°, and 
120° and 240° rotated hand stimuli, respectively). Error-bars indicate standard error of 
the mean (SEM).
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of rotation, see Figure 3. All angles differed significantly from each other (p 
< .001), except for 0° and 60°. No other effects were found significant (all p 
> 0.25).
 The ANOVA on the influence of biomechanical constraints (i.e., 
lateral vs. medial rotations) revealed a significant main effect of DOR 
[F(1,18) = 5.117; p < .05; η² = .221] which was accounted for by an 
increased RT for laterally (893 ms) compared to medially (856 ms) rotated 
stimuli. Importantly, the interaction of Location by DOR was also found 
to be significant [F(1,18) = 7.221; p < .02; η² = .286], see Figure 4. This 
interaction showed a modulated difference between lateral and medial 
rotations as function of Location. The DOR effect was present in the ‘Near’ 
[F(1,18) = 13.157; p < .002; η² = .422], but not in the ‘Far’ location ( p = 
.432). No significant main effect of Location was observed (p > 0.06).
Figure 4. Reaction times for both locations divided into Lateral rotation and Medial ro-
tation. Lateral rotation indicates rotations away from the mid-sagittal plane and medial 
rotation indicate rotations toward the mid-sagittal plane. As can be seen, the significant 
interaction of Location by DOR (p < 0.02) represented by the differences in RTs between 
lateral and medial rotation (i.e., DOR) was modulated by the location at which the stimuli 
were presented. ** indicate significance at the p < 0.002 level. Error-bars indicate standard 
error of the mean (SEM).
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Discussion experiment 1
In this first experiment we tested the spatial dependency of simulated 
movements of the hand. We hypothesized that the perception of hand 
stimuli within PPS, but not EPS, would implicitly induce an action 
simulation of the effector. 
 Because of the high accuracy and the increasing RTs with increasing 
angles of rotation for stimuli in both PPS and EPS, we can conclude that 
the participants used mental rotation to solve the task (L. M. Parsons, 
1994). The overall performance did not differ between both locations as 
shown by the non-significant Location-effect in the ANOVA on angular 
disparity. The ANOVA on biomechanical constraints, however, did reveal a 
marginally significant effect of Location. These differing results occur due 
to the exclusion of the 0° and 180° rotated stimuli in the latter ANOVA. 
Consequently, the marginal significant Location effect does not represent 
differences in overall performance between both locations. 
 Importantly, we found an engagement in MI for hand stimuli 
presented within PPS, but not when the same stimuli were presented within 
EPS. This is evident from the presence of the DOR effect for Near, but not 
the Far location and shows the influence of biomechanical constraints on 
the performance for stimuli presented in PPS (L. M. Parsons, 1994; ter Horst 
et al., 2010), see Figure 4. These findings indicate that the engagement in 
MI exhibits spatial dependency. The observed effects might be attributed 
to the experience of moving one’s hands in the PPS, thereby triggering the 
use of motor related simulations of actions. Hands observed in EPS are 
typically not related to the self. Consequently, observing hands within EPS 
might facilitate the use of a third persons perspective strategy for judging 
the hands’ laterality.
 In order to verify if the observed spatially dependent action 
simulation is also automatically triggered when a graspable object is 
observed within PPS, we conducted a second experiment. In this second 
experiment we used stimuli of graspable objects (i.e., cups), which we 
presented within PPS and EPS.
Experiment 2
To study the possible spatial dependency of MI engagement, we again 
focused on measuring the influence of biomechanical constraints on the 
performance. This influence can be found in differences in the difficulty of 
(mentally) grasping the presented cup. For example, if the left hand is used 
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for grasping a cup then it is easier when the handle of that cup is oriented 
towards the left than towards the right side. In the second experiment we 
used stimuli of rotated cups, which we defined as ‘left’ and ‘right’ cups. By 
dissociating between ‘left’ and ‘right’ cups we were able to test for possible 
influences of biomechanical constraints. For this second experiment, we 
assumed that participants would mentally grasp the observed cup with 
the corresponding hand in order to make the final laterality judgment. 
That is, mentally grasping a left or a right cup with the left or right hand, 
respectively. In the literature on the mental rotation of hands, it was 
shown that participants make an ‘estimated guess’ of the stimulus laterality 
prior to the final judgment (de Lange, Jensen, Bauer, & Toni, 2008; L. M. 
Parsons, 1987). In other words, participants subconsciously ‘decide’ that 
they observe, for example, a left hand and perform a mental rotation of 
the own corresponding hand to verify their decision before making the 
final judgment (L. M. Parsons, 1994). This is also in agreement with the 
introspective results from pilot studies in our lab in which participants 
reported to mentally grasp the observed cup with the corresponding hand 
in order to rotate the cup into its canonical position before making the final 
laterality judgment.
 Similar to experiment 1, we hypothesized that biomechanical 
constraints of mentally grasping a shown cup would only be observed for 
stimuli presented within PPS, but not EPS. This would be evident from 
prolonged RTs for rotated cup stimuli that are more difficult to grasp with 
the corresponding hand compared to rotated cup stimuli that are more 
easy to grasp within PPS. For cup stimuli presented in EPS we expected a 
lack of biomechanical effects on the RT profile.
Participants
Twenty-five healthy participants took part in this study (24 female, mean 
age 19.3 ± 1.9 years, mean±SD). None of the participants had participated 
in the first study. One participant was excluded from analysis due to an error 
percentage of more than 15%. All participants had normal or corrected-
to-normal vision. No participant reported a history of neurological or 
psychiatric disorder. The study was approved by the local ethics committee 
and all participants gave written informed consent prior to the experiment, 
in accordance with the Helsinki declaration.
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Stimuli and procedure
Stimuli were derived from a 3D model designed in a 3D image software 
package (Autodesk Maya 2009, USA). The cup stimuli consisted of pictures 
of rotated left and right cups. A left cup was defined as having the handle 
oriented to the left when situated upright with the face in front and vice 
versa for right cup stimuli, see Figure 5. The cup stimuli were subdivided 
into congruent and incongruent stimuli. Congruent stimuli consisted of 
left cups with the handle oriented leftward and right cups with the handles 
oriented rightward. Incongruent stimuli consisted of left cup stimuli with 
the handles oriented rightward and right cup stimuli with the handles 
oriented leftward, see Figure 5. For example, a ‘left’ cup seen from the 
front (i.e., face in sight) has a rightward oriented handle when rotated 180° 
and hence, is denoted as incongruent. The cups were shown from both 
front view and back view. By including both views, the congruent and 
incongruent stimuli contained all angular disparities.
Figure 5. Cup stimuli as used in experiment 2. Shown are pictures of cups denoted as left 
and right cups depending on the direction of the handle and the view of the cup (i.e. face 
in front or behind). A cup with the face visible and the handle oriented to the left is a ‘left 
cup’ and vice versa for ‘right cups’. The orientation of the handles is also shown for all cup 
stimuli (i.e. Congruent or Incongruent). 
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Prior to the experiment, the participants were familiarized with the ‘left’ 
and ‘right’ cups by showing a real ‘left’ and ‘right’ cup, identical to the 
stimuli. The participants were not allowed to touch the cups. Participants 
were instructed to judge as fast and as accurate as possible whether a left 
or right cup was shown by pressing a button with their left or right hand, 
respectively. The experimental setup of the second experiment was identical 
to that of the first experiment except for the used stimuli, i.e. graspable 
cups instead of hands.
Data analysis
Reaction times smaller than 500 ms and larger than 3500 ms were excluded 
from analysis (total loss 1.5 % of all trials). Analysis was performed on 
correct responses. Incorrect responses were a ‘left’ response for a ‘right’ cup 
and vice versa. Our analysis focused on the possible difference in RTs for 
stimuli with congruent and incongruent oriented handles. Data analysis 
was performed using repeated measures ANOVA with the factors Location 
(Near, Far), Direction of Handle (Congruent, Incongruent) and Angle (0°, 
60°, 120°, 180°). This ANOVA design was also used to analyze the accuracy 
data. Post hoc analyses were Bonferroni corrected and alpha-level was set 
at p = 0.05. 
Results experiment 2
The total amount of erroneous responses was 5.0 % of all trials. The 
ANOVA on the accuracy data did not reveal any significant effects. The 
ANOVA on RTs did reveal a significant main effect of Angle [F(3,66) = 
54.851; p < 0.0001; η² = .714] and Direction of Handle [F(1,22) = 13.956; 
p < 0.002; η² = .388]. The Angle effect was accounted for by an increase in 
RTs with increasing angles of rotation, see Figure 6. The effect of Location 
and the interaction of Location by Angle did not reach significance (p > 
0.89 and p > 0.33, respectively). The effect of angular disparity varied with 
congruent and incongruent trials [F(3,66) = 110.349; p < 0.001; η² = .834]. 
Post-hoc analyses revealed significant Angle effects for both Congruent 
[F(3,69) = 175.142; p < 0.001; η² = .884] and Incongruent stimuli [F(3,69) 
= 28.843; p < 0.001; η² = .556], see Figure 6. Crucially, we also obtained a 
significant interaction of Location by Direction of Handle [F(1,22) = 6.766; 
p < 0.02; η² = .235]. Planned simple effect analysis revealed a significant 
effect of Direction of Handle for the location ‘Near’ [F(1,23) = 21.189; 
p < 0.001; η² = .480], but not ‘Far’ (p = 0.19). For stimuli in the ‘Near’ 
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Figure 6. Reaction times as function of angular disparity in experiment 2 for both loca-
tions. Error-bars indicate standard error of the mean (SEM).
Figure 7. Reaction times for both locations divided into Congruent and Incongruent ori-
ented handles. As can be seen, the significant interaction of Location by Direction of Han-
dle (p < 0.05) represented by the differences in RTs between congruently and incongru-
ently oriented handles (i.e., Direction of Handle) was modulated by the location at which 
the stimuli were presented. * indicate significance at the p < 0.05 level. Error-bars indicate 
standard error of the mean (SEM).
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location, mean RTs for Incongruent stimuli (1206 ms) were larger than RTs 
for Congruent stimuli (1064 ms). Importantly, mean RTs for stimuli in the 
‘Far’ location were virtually similar and not significantly different between 
the Incongruent (1188 ms) and Congruent (1151 ms) stimuli, see Figure 7.
Discussion experiment 2
In experiment 2, we studied the spatial dependency of action simulation 
for an observed object. Based on the action simulation hypothesis, we 
hypothesized that the object stimuli within PPS, but not EPS, would induce 
action simulation. 
 Given the high accuracy and the increasing RTs for increasing 
angles of rotation for stimuli in both locations, we can conclude that the 
participants effectively mentally rotated the observed objects. Furthermore, 
the RTs for Experiment 2 are in general prolonged compared to Experiment 
1. This difference is likely to occur due to differences in the complexity 
between the stimulus sets. In experiment 1, only a single view was used, 
whereas in experiment 2, the stimulus set contained two views.
 The results of experiment 2 replicates and extends the results of 
experiment 1 by showing a facilitation of the engagement in MI also for non-
corporeal stimuli presented within PPS. This is evident from the observed 
influence of biomechanical constraints on the performance for stimuli 
within PPS, but not within EPS. Moreover, this finding closely corresponds 
to the previously observed motoric mapping of objects situated within 
PPS, as evident from the selective firing of different visuomotor neurons 
to objects in the macaque area F5 (Murata et al., 1997). Collectively, these 
results imply that participants simulated a grasping movement towards 
observed graspable objects in PPS, but not EPS. 
General Discussion
As a direct test of the action simulation hypothesis, we investigated the 
spatial dependency of the automatic action simulation towards stimuli 
observed in PPS. In the first experiment we tested the spatial dependency 
of action simulation of the hands. In experiment 2, we studied the spatial 
dependency of the action simulation towards an observed object. We 
hypothesized that the perception of hand- (Experiment 1) or object stimuli 
(Experiment 2) within PPS, but not EPS, would implicitly induce an action 
simulation. 
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 In correspondence to our hypotheses, the results from both 
experiments show a spatial dependency of the use of MI. That is, we found 
significant influences of biomechanical constraints when the stimuli were 
presented within the participants peripersonal space. No biomechanical 
influences were observed when the stimuli were presented in the 
extrapersonal space. According to the action simulation theory by Gallese 
(2005), an action is automatically simulated towards an observed object in 
PPS. This simulation, in turn, enables the mapping of the object in motor 
terms, thereby mapping the object onto an egocentric frame of reference. 
Consequently, our results provide direct evidence showing that for both 
hand- and cup stimuli an action is indeed automatically simulated when 
they are situated within PPS. Our findings are also in line with the notion 
that observed objects elicit affordances (Gibson, 1979). The simulation of 
an action towards an object might be regarded as the mental rehearsal of the 
affordances related to the object (Tipper, Paul, & Hayes, 2006). Costantini 
et al. (2010) showed that eliciting affordances related to an observed object 
is only present for objects observed in PPS, but not EPS. Our results extend 
the findings of Costantini et al. (2010) by directly showing the actual 
influence of biomechanical constraints on simulated movements without 
any overt movement execution. Additionally, the results of experiment 1 
show that the automatic action simulation is also present at an effector 
specific level and does not necessarily have to involve the observation of 
graspable objects.
 Importantly, the observation of hands or objects within PPS is not 
a prerequisite to be able to use MI. Indeed, the use of MI within EPS is also 
shown to be elicited in mental rotation tasks of corporeal objects (L. M. 
Parsons, 1994; ter Horst et al., 2010) and non-corporeal objects (Kosslyn, 
Thompson, et al., 2001; Tomasino & Rumiati, 2004). This engagement in 
MI is likely to be attributable to task instructions (Tomasino & Rumiati, 
2004) and stimulus properties (ter Horst et al., 2010). Consequently, the 
use of MI in itself does not necessitate the involvement of multisensory 
PPS mechanisms. However, when objects are presented within PPS, 
multisensory PPS mechanisms are involved in the action simulation 
(Duhamel et al., 1998; Gallivan et al., 2009; Graziano et al., 1997; Ladavas, 
di Pellegrino, et al., 1998; Ladavas, Zeloni, et al., 1998; Makin et al., 2007; 
Murata et al., 1997). The involvement of multisensory mechanisms is likely 
to underlie the differential use of MI between stimuli presented within PPS 
and EPS in our study.
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 Our results are in apparent contrast with the findings by Coello 
et al. (2008). Their findings show that action simulation is only used for 
observed stimuli placed near the transition of PPS to EPS. These findings, 
however, are likely to cover a different aspect of the functionality of the PPS 
than covered in the action simulation theory. Coello et al. (2008) studied 
the relation between the use of action simulation in a reachability task, 
while the action simulation theory, on the other hand, cover the automatic 
use of action simulation toward observed graspable objects within PPS. 
Consequently, task differences are likely to underlie the observed differences 
in the use of action simulation in the results of Coello et al. (2008) and the 
results observed in our experiments.
 Finally, we consider alternative interpretations. First, the results of 
experiment 1 might also be explained by the influence of visual experience. 
Lateral hand rotations at the ‘Near’ location are more difficult to adopt 
than the same orientation with the arm stretched out due to anatomical 
limitations, thereby impairing hand recognition. Consequently, whereas 
visual experience with medially rotated hands nearby and further away 
is likely to be similar, the visual experience with laterally rotated hands 
nearby is likely to be less than for hands further away, thereby influencing 
the results. Still, this interpretation of the results cannot completely account 
for our findings for two reasons. First, we obtained similar results in our 
second experiment and the visual experience of cups with the handle 
rotated leftward or rightward is likely not to differ. Secondly, a distinction 
needs to be made between laterally rotated hands within the PPS and EPS. 
That is, visual experience with the own hand rotated laterally while holding 
the arms in parallel to the body (as was the case during our experiments) 
might indeed differ from experience with laterally rotated hands while 
having the arms stretched out, but both movements take place within the 
PPS. Therefore, experience with the latter cannot be transferred one on one 
to rotated hands within EPS. Indeed, by definition, hands (both laterally 
and medially rotated) presented within the EPS do not belong to the 
participant. Thus visual experience with hands rotated within EPS is from 
a third person perspective and therefore might be more likely to induce 
visual strategies in which stimuli are rotated in an allocentric frame of 
reference. Furthermore, the lack of visual experience for medially rotated 
hands nearby the participant’s body is tightly linked to one’s biomechanical 
constraints. This notion exemplifies the found differences between medial 
and lateral rotations found within PPS. A second alternative interpretation 
of the results of experiment 1 and 2 might be sought in the difference in 
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visual angle between the stimuli presented at the Near and Far location. 
That is, despite the identical physical size of the stimuli in both locations, 
the visual angles differed. As a consequence, it may be argued that the larger 
visual angle of the stimuli at the Near location influenced the engagement 
in MI. At odds with this explanation is a recent study in which it was shown 
that a consistent visual angle of a cup shown nearby or far away, does not 
influence the relationship between spatial positioning of objects and the 
automatic triggering of potential motor acts (Costantini et al., 2010). 
Moreover, on a more phenomenological level, maintaining identical visual 
angles for stimuli presented at the Near and Far location would result in an 
unrealistic situation as objects far away are presented smaller on the retina 
than objects situated nearby. 
 In sum, in the present study we found that the presentation of stimuli 
of hands and graspable objects within PPS resulted in the engagement in 
MI compared to stimuli presented in EPS. These findings provide direct 
evidence for the action simulation hypothesis and show the automatic 
action simulation toward objects presented in PPS, but not when presented 
in EPS.
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Introduction
The ability to imagine is regarded as an extraordinary human capacity. 
Humans are able to mentally manipulate internal representations. This 
imagery capability is understood as a reconstruction of actual perceptual 
experience from the past. Two types of imagery that have been studied 
extensively are visual imagery (VI) and motor imagery (MI). In VI, 
participants mentally perform visual transformations of an object or scene 
without a retinal projection of that image (Guillot & Collet, 2010). In 
contrast, MI represents a mental movement of one’s own body parts from a 
first person perspective. MI is thus defined as a dynamic state during which 
a participant mentally simulates a given action without overt movement 
(Decety, 1996c). 
 MI, but not VI, has been shown to be subject to postural 
manipulations (de Lange et al., 2006; Ionta et al., 2007; L. M. Parsons, 1994) 
and biomechanical constraints (L. M. Parsons, 1987; ter Horst et al., 2010). 
These effects are thought to result from a conflict between the imagined 
movement and the body’s current posture and movement abilities (de 
Lange et al., 2006; Mercier et al., 2008). From studies on amputees it is 
known that the (partial) loss of the effectors and hence both afferent and 
efferent kinaesthetic sensations, results in a lack of bodily influences on the 
MI processes (Curtze, Otten, & Postema, 2009; Funk & Brugger, 2008; Nico 
et al., 2004). These studies looked at the necessity of a present effector for 
the interaction between body representations and imagery processes (Funk 
& Brugger, 2008), and the influence of a missing effector on MI processes 
(Nico et al., 2004). There is, however, ambiguity as to the role of the mere 
kinaesthetic afferent or efferent sensations in the generation of these bodily 
influences on the MI processes. In a study with a peripherally deafferented 
patient, Mercier et al. (2008) argued that this conflict mainly arises from 
online afferent feedback, influencing the MI processes (Mercier et al., 2008). 
However, in a recent study, Silva et al. (2011) showed that during transient 
deafferentation due to local anaesthesia of the arm, MI processes are slower 
and less accurate overall, but the influence of biomechanical constraints 
remained. Hence, the loss of kinaesthetic afferents alone is not sufficient 
to alter the embodied properties of MI processes. Consequently, it is likely 
that the postural and biomechanical conflicts arise (at least partly) from 
central processes. We know from previous studies that MI is dependent on 
centrally constructed body representations (Ionta et al., 2007; Munzert et 
al., 2009), which represent the body’s current posture and action abilities 
(de Vignemont, 2009; de Vignemont, Ehrsson, & Haggard, 2005; Tsakiris & 
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Haggard, 2005). Therefore, we examine in the present study how the long-
term loss of kinaesthetic afferents influences central imagery processes 
and specifically, the role of these kinaesthetic afferents on the interaction 
between the imagined movements and the body’s current posture and 
biomechanical constraints. By doing so, we provide new insight in the 
selective role of afferent information on (mental) motor processes. 
 In order to answer this question, we performed two experiments 
with an individual suffering from a rare case of selective peripheral 
deafferentation - a condition of selective and complete chronic loss of 
proprioceptive and tactile afferents due to a sensory neuronopathy (for 
a more elaborate description of the condition see: C. Cole & Paillard, 
1998; J. D. Cole & Sedgwick, 1992). From the literature it is known that 
the deafferented subjects IW and GL are able to explicitly construct motor 
representations as both are able to perform accurate movements, although 
likely with a more visual cognitive supervision than controls (Bosbach, Cole, 
Prinz, & Knoblich, 2005; Bosbach, Knoblich, Reed, Cole, & Prinz, 2006). 
Consequently, and in contrast to Mercier et al. (2008), we used an implicit 
mental rotation task to study the influence of long-term deafferentation 
on the implicit use of internal motor representations. We used mental 
rotation tasks in which MI (Experiment 1 and 2) and VI (Experiment 1) 
are implicitly induced. The mental rotation task is a well defined task to 
study imagery (de Lange et al., 2005; ter Horst et al., 2010). During the 
task, participants are presented with rotated pictures of corporeal or non-
corporeal objects (i.e., hands or letters, respectively). In order to solve 
mental rotation tasks, participants use visual and motor based strategies. 
Without explicit task instructions on how to solve the task, the use of non-
corporeal objects without accompanying motor representations results in 
the implicit use of VI (de Lange, Roelofs, et al., 2008). The presentation 
of corporeal objects results in the implicit use of MI (Sekiyama, 1982). 
In order to establish whether MI or VI was used, we manipulated the 
participants’ posture during both experiments and measured the influence 
of biomechanical constraints on the imagery processes. The influence of 
biomechanical constraints during the mental rotation can be defined as 
the difference in performance between hand stimuli rotated toward and 
away from the body’s midsagital plane (L. M. Parsons, 1987; ter Horst et al., 
2012; ter Horst et al., 2010, 2011; Tomasino & Rumiati, 2004). Furthermore, 
in order to be able to ascribe possible effects to the deafferentation and 
not to handedness, we included both left and right handed age and sex 
matched controls as IW is strongly left handed. If IW is able to construct 
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a representation of his current body posture and his action abilities, we 
expected to find postural and biomechanical influences on MI. If, on 
the other hand, the long-term loss of afferent information prevents IW 
constructing a postural and biomechanical representation as controls, we 
expected to find a lack of postural and biomechanical influence on MI. 
Furthermore, we expected IW to outperform controls on the VI tasks as 
IW is used to visualizing not only his own movements prior to execution 
and movement rehearsal (Miall & Cole, 2007) but also the movements of 
others for anticipation in daily life. 
Materials and Methods
Participants
The study was approved by the ethics committee of the Faculty of 
Behavioural Sciences from the Radboud University Nijmegen and all 
participants gave written informed consent prior to the experiment, in 
accordance with the Helsinki declaration. The tasks in both experiments 
were performed by the deafferented person IW (age 59 years, male, left-
handed), fifteen left-handed controls (mean age 57.1 years, range 51-61 
years), denoted as CL, and fifteen right-handed controls (mean age 56.3 
years, range 51-65 years), denoted as CR. All controls were neurologically 
healthy and age and sex matched to IW (z-score IW vs. CL: 0.58 and IW 
vs. CR: 0.45). Hand preference was assessed according to the Edinburgh 
Handedness Inventory (Oldfield, 1971). Hand preference was found in all 
participants (laterality quotient: IW, -100; left-handed participants, -54 ± 
25.7 mean ± SD and right-handed participants, 90 ± 18.5 mean ± SD). All 
participants had normal or corrected-to-normal vision. 
Stimuli
As corporeal stimuli we used a custom made 3D hand model designed in a 
3D image software package (Autodesk Maya 2009, USA). From this realistic 
model we constructed all corporeal stimuli that were used in Experiment 
1 and 2. The hand-stimuli were shown from both a back- and palm view, 
see Figure 1. Additionally, as non-corporeal objects, we used typographical 
character stimuli for Experiment 1 in Times New Roman font, shown in a 
canonical or mirrored orientation, see Figure 1. The stimuli were displayed 
on a 19” LCD computer screen, at a distance of approximately 70 cm from 
the participants’ eyes, resulting in a vertical visual angle of approximately 
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6°. All stimuli were shown in six different angles of in-plane rotation (i.e. 
0°, 60°, 120°, 180°, 240° and 300°), resulting in 24 unique hand stimuli and 
24 unique letter stimuli. 
Procedure experiment 1
The participants were placed in front of a computer screen. Stimulus 
presentation was controlled using custom developed software in 
Presentation (Neurobehavioral systems, Albany, USA). Prior to the 
stimulus a fixation cross was presented at the centre of the screen for a 
random time between 800 ms and 1200 ms. After this, the stimulus was 
presented and visible until a response was given. A response consisted of the 
words “left” or “right” for hand stimuli and “normal” or “mirror” for letter 
stimuli. RTs were automatically recorded by use of a microphone detecting 
supra-threshold responses. Response accuracy was manually recorded by 
an experimenter during the experiment. After the response, a black screen 
was displayed for 800 ms. Stimuli were presented one at a time. Participants 
Figure 1. Examples of stimuli as used in Experiment 1 (letters and hands) and Experiment 
2 (hands). Degrees represent the in-plane rotational angle.
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were instructed to judge the laterality of the hand-stimuli or the mirrored 
or canonical presentation of the letter-stimuli as fast and as accurately as 
possible, without explicit instructions on how to solve the task. Participants 
were tested in one experimental session consisting of eight blocks. For each 
stimulus type (i.e. letter and hands) the participants positioned their hands 
on their lap underneath the table with the palms oriented downward in two 
blocks. In the other two blocks, participants positioned their hands behind 
their back with their fingers intertwined (Ionta et al., 2007). Consequently, 
the participants performed four blocks with hand-stimuli and four blocks 
with letter-stimuli. All stimuli were repeated 4 times, resulting in eight 
blocks of 48 stimuli. The experiment was preceded by a test of 24 stimuli to 
familiarize the participants with the task. The order of hand position and 
stimulus type was randomized and counter-balanced per block.
Data Analysis experiment 1
Reaction times smaller than 400 ms and larger than 3500 ms were excluded 
from further analyses (total loss 3.7 % of all trials) in correspondence with 
former studies (de Lange et al., 2005; Heil & Rolke, 2002). Reaction time 
analyses were then performed on correct responses. Incorrect responses 
were a ‘left’ response for a ‘right’ hand or a ‘mirrored’ response for a 
‘canonically’ oriented letter and vice versa. Analyses on accuracy data were 
performed on the percentage of correct responses.
 The effect of the different conditions in the control participants was 
assessed using separate mixed design analyses of variance (ANOVA) for 
testing the influence of postural changes and biomechanical constraints. 
The rationale for using different ANOVAs is that letter stimuli in general, 
and 0° and 180° rotated hand stimuli, cannot be denoted as being laterally 
or medially rotated. Furthermore, this method provides a single numerical 
measure for the influence of the biomechanical constraints for comparing 
the biomechanical influences between the control groups and IW. In order 
to test the postural influence on performance of the controls we used an 
with the following design: 1 between subject variable Group, with two 
levels: Control Left (CL) and Control Right (CR); 3 within-subject factors 
(Type, Posture and Angle), with 2 levels for Type (Letter, Hand), 2 levels 
for Posture (on lap, behind back) and 4 levels for Angle (0°, 60°, 120° and 
180°). The values labelled 60° and 120° are the averaged RTs of 60° and 300°, 
and 120° and 240° rotated stimuli, respectively. To test for the influence of 
biomechanical constraints on the performance for hand stimuli we used an 
ANOVA with 1 between subject variable (Group) with two levels (CL, CR) 
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and 1 within subject variable Direction Of Rotation (DOR) with two levels 
(Lateral rotations, Medial rotations). 
 Individual results of IW were analyzed using separate non 
parametric Friedman’s tests for both types of stimuli (i.e. hands and letters) 
with Angle as factor with 4 levels (0°, 60°, 120° and 180°). Wilcoxon Signed 
Rank Tests were used as post-hoc tests. The Wilcoxon Signed Rank test was 
also used to test for postural influences for both hand and letter stimuli 
separately. The same non-parametric test was used to test for differences 
between lateral and medial rotations. 
 To compare the results of IW with those of the CL and CR groups, 
we used 95% confidence intervals (CI). We calculated difference scores 
across trials of the postural effects (i.e. hands behind the back > hands on 
the lap) for both stimulus types for IW, CL and CR. Furthermore, we also 
calculated difference scores for the DOR-effect for hand stimuli only (i.e., 
lateral > medial). From these (difference) scores, we calculated the 95% CI 
based on the t-distribution for CL and CR and determined whether IW’s 
difference scores fell outside the confidence intervals (Mercier et al., 2008).
 Accuracy data were analyzed using the same statistical designs 
as for the RT data. Post hoc analyses were Bonferroni corrected and the 
alpha-level was set at p = 0.05.
Procedure experiment 2
In this second experiment, the participants were presented with hand-
stimuli identical to those used in Experiment 1. In contrast to Experiment 
1, the participants positioned their hands on their laps with the palms 
oriented downward or upward (Helmich et al., 2007). Furthermore, visual 
feedback was altered during the experiments. During four of the eight 
blocks, the participants’ hands were covered by a black cloth in order to 
prevent them from seeing their own hands. During the blocks in which 
visual feedback of the hands was impossible, the hand position of the 
participant was changed passively by the experimenter. In the case of IW, 
he then had no knowledge of the position of his hands, something checked 
verbally. All other parameters were identical to those of Experiment 1.
Data analysis experiment 2
For experiment 2, the same exclusion criteria were used as for Experiment 1, 
resulting in 4.2% loss of trials. In this second experiment we were interested 
in the effects of the postural manipulations, biomechanical constraints and 
the modulation of visual feedback in the performance for hand stimuli in 
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the different groups. As in Experiment 1, we used different mixed design 
ANOVAs. For testing the postural influence and the effect of changing the 
visual feedback we used a mixed design ANOVA with the following design: 
1 between subject variable Group, with two levels: Control Left (CL) and 
Control Right (CR); 3 within-subject factors (Feedback, Congruency and 
Angle); with 2 levels for Feedback (Seen, Unseen), 2 levels for Congruency 
(Congruent, Incongruent) and 4 levels for Angle (0°, 60°, 120° and 180°). To 
test the influence of biomechanical constraints we used an identical test as 
in Experiment 1. Individual results of IW were analyzed as in Experiment 
1 for the factors Angle, Feedback, Congruency and biomechanical 
constraints. Identical tests as in Experiment 1 were used to compare the 
results of IW with those of the left- and right handed controls. Accuracy 
data were analyzed using the same statistical designs as for the RT data. 
Post hoc analyses were Bonferroni corrected and alpha-level was set at p = 
0.05.
Results Experiment 1
For the correct responses, the overall RT of IW did not differ from the control 
groups, see Figure 2a. The mixed design ANOVA revealed a significant 
main effect of Angle (F(3,84) = 90.270; p < 0.001; η² = 0.763). Despite a 
significant interaction between Angle and Group (F(3,84) = 3.214; p < 0.05; 
η² = 0.103), both groups showed a significant simple effect of Angle (CL: 
F(3,42) = 64.451; p < 0.001; η² = 0.822 and CR: F(3, 24) = 30.050; p < 0.001; 
η² = 0.682), see Figure 3. Furthermore, we obtained a significant interaction 
of Type by Posture (F(1,14) = 6.212; p < 0.05; η² = 0.307). Further simple 
effect analyses revealed no significant postural influences for neither of the 
stimulus types (all p > 0.07). Crucially, we obtained a significant three-way 
interaction of Type by Posture by Group (F(1,28) = 4.412; p < 0.05; η² = 
0.136). Further analyses for the CL group revealed no significant effect of 
posture or interaction of Type by Posture (all p > 0.75). For the CR group, 
however, we obtained a significant interaction of Type by Posture (F(1,14) 
= 6.212; p < 0.05; η² = 0.307), which resulted in a significant simple effect of 
Posture (F(1,14) = 6.643; p < 0.05; η² = 0.322) only for the hand stimuli and 
not for the letter stimuli (p > 0.55), see Figure 4a. For IW we only obtained 
a significant effect of Angle for both the Hand stimuli (χ²(3) = 10.275, p < 
.02) and Letter stimuli (χ²(3) = 26.625, p < .001), see Figure 3. The postural 
influence found for the hand stimuli in the CR group differed significantly 
from the postural influence obtained for IW, see Figure 4a. The mixed 
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design ANOVA on the biomechanical constraints revealed a significant 
mean effect of the DOR (F(1,28) = 26.288; p < 0.001; η² = 0.484). This 
effect was not modulated by Group (p > 0.95), see Figure 4b. For IW, the 
influence of the biomechanical constraints was not significant (p > 0.54). 
The influence of the biomechanical constraints for IW differed significantly 
from that of both control groups, see Figure 4b.
 For the accuracy data we obtained a significant interaction of Angle 
by Group (F(3,84) = 6.050; p < 0.005; η² = 0.178). Further analyses revealed 
a decrease in accuracy as function of the angular rotation for CL (F(3,42) 
= 13.791; p < 0.001; η² = 0.496) and CR (F(3,42) = 32.416; p < 0.001; η² 
= 0.698). No further effects were found significant. In the comparison of 
the accuracy between the control groups and IW we found that IW was 
significantly more accurate than both control groups, see Figure 3b.
Figure 2. Reaction time (A) and accuracy data (B) for IW, CL and CR for Experiment 1. 
Error bars represent the 95% CI. # denotes that the mean score of IW falls outside the 95% 
CI of the control group.
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Figure 3. Reaction time data from Experiment 1 as function of angle for hand stimuli (A) 
and letter stimuli (B). Error bars represent standard error of the mean.
Figure 4. Differences in reaction times between the ‘hands behind the back’ and ‘hands on 
lap’ postural conditions (A) and between lateral and medial rotations for IW, CL and CR 
(B). Error bars represent 95% CI. * denotes significance at the p < 0.05 level, ** denotes 
significant at the p < 0.01 level and # denotes that the mean score of IW falls outside the 
95% CI of the control group.
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Discussion Experiment 1
In Experiment 1, we studied the influence of deafferentation on imagery 
capabilities. We expected IW’s MI to be impaired and his VI to be enhanced 
compared to controls. We found that controls showed the typical RT and 
accuracy profiles for mental rotation tasks for the letter and hand stimuli 
(de Lange et al., 2005; L. M. Parsons, 1987; Sekiyama, 1982; ter Horst et al., 
2010). Hence, we can conclude, that the controls did use a mental rotation 
strategy to solve the task. For IW, though we also found significant Angle 
effects for both stimulus types, we only found a gradual increase in RTs 
as a function of rotational angle for the hand stimuli. The RT profile for 
the letter stimuli showed nearly equal RTs from 0° to 120°, all differing 
significantly from 180°, see Figure 3. Therefore, IW seemingly does not use 
a mental rotation strategy. However, during analysis if IW’s introspection, 
he reported that he mentally “placed the letter on an imaginary disc in 
order to rotate it upward”. This implies that IW did use a mental rotation 
strategy, albeit a modified one.
 The postural manipulations did not influence IW’s performance 
during the mental rotation of letters and hands. For the letter stimuli, 
the difference scores for the postural manipulations between IW and the 
controls did not differ, see Figure 4a. This finding is intuitive and agrees 
with the literature; letter stimuli are non-corporeal objects and hence do 
not implicitly induce egocentric processing (de Lange et al., 2005). For the 
hand stimuli, the lack of postural influence for IW differed significantly 
from the CR group, but not from the CL group, see Figure 4a. The lack of 
postural influence for IW is in correspondence with Mercier et al. (2008), 
who showed that kinaesthetic afferents are an important factor in the 
modulation of the imagery processes. However, Mercier et al. (2008) also 
showed that the ability to see one’s own hand during the task can result in 
the construction of a representation of the current posture from available 
visual feedback, thereby interfering with the imagined movement. In 
Experiment 1, the visibility of the participants’ hands was confined with 
the postural manipulation. That is, during the placing of the hands in the 
correct position in the “hands on lap” and the “hands behind the back” 
conditions, the participants’ hands were visible and invisible, respectively. 
Therefore, in Experiment 2, the participants’ posture and visibility of the 
hands were manipulated separately during a mental rotation task of hands. 
If IW is able to construct a visual representation of his hands’ current 
position and incorporates this representation into his planned movement, 
we would expect an influence of the hand posture on the performance only 
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when IW is able to observe his own hands. In contrast, when IW does not 
construct a visual representation of his hands’ position, IW would not show 
any postural influence, irrespective of the ability to see his own hands.
Results Experiment 2
In line with Experiment 1, we found for the correct responses that the 
overall RT of IW did not differ from the control groups, see Figure 5a. The 
mixed design ANOVA revealed a significant main effect of Angle (F(3,84) 
= 74.131; p < 0.001; η² = 0.726) and Congruency (F(1,28) = 4.621; p < 0.05; 
η² = 0.142), see Figure 6. Despite a significant interaction of Congruency 
by Angle (F(3,84) = 6.695; p < 0.002; η² = 0.193) we obtained significant 
simple effects of Angle for the Congruent (F(3,87) = 84.478; p < 0.001; η² = 
0.744) and Incongruent conditions (F(3,87) = 40.696; p < 0.001; η² = 0.584). 
Crucially, we obtained a significant two-way interaction of Congruency 
by Group (F(1,28) = 6.040; p < 0.02; η² = 0.177). Further simple effect 
analyses for the CL group revealed no significant effect of Congruency (p 
> 0.82). For the CR group, however, we obtained a significant simple effect 
of Congruency (F(1,14) = 10.048; p < 0.01; η² = 0.418), see Figure 7a. For 
Figure 5. Reaction time (A) and accuracy data (B) for IW, CL and CR for Experiment 1. 
Error bars represent the 95% CI. # denotes that the mean score of IW falls outside the 95% 
CI of the control group.
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IW we only obtained a significant effect of Angle (χ²(3) = 16.350, p < .001) 
and no influence of the postural manipulation irrespective of the feedback 
manipulation (all p < 0.09), see figures 6 and 7a, respectively. The postural 
influence found for the CR group differed significantly from the postural 
influence obtained for IW, see Figure 7a. The mixed design ANOVA on the 
biomechanical constraints revealed a significant mean effect of the DOR 
(F(1,28) = 35.138; p < 0.001; η² = 0.557). This effect was not modulated by 
Group (p > 0.95), see Figure 7b. For IW, the influence of the biomechanical 
constraints was not significant (p > 0.63), see Figure 7b. As in Experiment 1, 
the influence of the biomechanical constraints for IW differed significantly 
from that of both control groups, see Figure 7b.
 For the accuracy data we obtained a significant effect of Angle 
(F(3,84) = 26.492; p < 0.001; η² = 0.486). No further effects were found 
significant. In the comparison of the accuracy between the control groups 
and IW we found that IW was significantly more accurate than both control 
groups, see Figure 5a.
Discussion Experiment 2
In this experiment, we were interested in the influence of visual feedback 
on the effect of postural manipulations for IW. In correspondence with 
the findings of Experiment 1, we found that IW was significantly more 
accurate than the CR and CL group and that the significant DOR effects 
for both control groups differed significantly from IW, see Figure 7b. For 
Figure 6. Reaction time data from Experiment 1 as function of angle for hand stimuli. 
Error bars represent standard error of the mean.
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Figure 7. Differences in reaction times between the ‘Incongruent’ and ‘Congruent’ postural 
conditions (A) and between lateral and medial rotations for IW, CL and CR (B). Error bars 
represent 95% CI. * denotes significance at the p < 0.05 level, ** denotes significant at the 
p < 0.01 level and # denotes that the mean score of IW falls outside the 95% CI of the 
control group.
the postural manipulations we found that IW’s lack of postural influence 
differed significantly from the significant posture effect for the CR group, 
irrespective of the visual feedback. Consequently, these findings confirm 
that kinaesthetic feedback plays an important role in the emergence 
of a postural conflict irrespective of the visual feedback on the effectors 
involved. Furthermore, the ability to visually observe one’s own hand 
apparently does not evoke the use of a visually constructed representation 
of the hand by IW in a mental rotation task of hands. 
General Discussion
In the current case study we investigated the influence of deafferentation 
on imagery capabilities. We specifically looked at the role of kinaesthetic 
afferents and how the imagery processes are affected due to long term loss 
of afferent input. We expected IW’s MI to be impaired and that his VI might 
be enhanced compared to controls.
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 In both experiments, we found that IW’s performance was not 
influenced by postural manipulations, irrespective of the ability to see his 
own hands. For the controls, we found that the CR group was influenced by 
the postural manipulations but not the CL group. This latter was expected 
and is considered to be related to differing internal representations of 
the hands between left- and right handed people (Gentilucci, Daprati, & 
Gangitano, 1998; Ionta & Blanke, 2009b). Because both the CL group and 
IW show a lack of postural influence, one might argue that this is attributable 
to handedness alone, because IW is left handed. However, the influence 
of biomechanical constraints (as reflected in the DOR-effect) differed 
significantly between IW and both control groups in both experiments, 
see Figure 4 and 7. Consequently, the lack of embodied influences for IW 
cannot be solely attributed to handedness alone and is therefore likely to 
result from the lack of kinaesthetic afferents for IW.
 Collectively, our results show that the long-term loss of kinaesthetic 
afferents results in an inability to implicitly incorporate kinaesthetic 
information into one’s centrally generated body representations. Clearly, 
due to deafferentation there is no direct kinaesthetic feedback to incorporate 
into a body representation. Interestingly it is likely that in addition, the 
long-term loss of kinaesthetic afferents also results in an inability to recall 
these sensations from memory in order to incorporate them into the body 
representation. Memory has been shown to play a role during MI (Decety 
& Jeannerod, 1995). The role of memory in MI processes is also evident 
from the sustained influence of biomechanical constraints during transient 
anaesthesia of the arm in a MI task (Silva et al., 2011). Furthermore, it has been 
shown that even during transient peripheral deafferentation acute plastic 
changes occur in the brain (Gandevia & Phegan, 1999; Ziemann, Corwell, 
& Cohen, 1998), also leading to alterations in the central representation 
of the body in the brain (Martucci & Coghill, 2011). Additionally, it has 
also been shown that a lack of experience in the sensation of a certain 
movement results in an inability to imagine that movement (Olsson & 
Nyberg, 2010). The emergence of postural and biomechanical conflicts from 
centrally generated conflicts between body representations and imagined 
movements is in line with recent experimental results (Vargas et al., 2004). 
Furthermore, it is also in line with the emulation theory (Grush, 2004), 
which states that body representations (represented in the ‘emulator’) play 
a crucial role in MI processes and are constructed from former experience 
of afferent sensations (Maravita et al., 2003). Consequently, by providing 
experimental evidence, our results give further rise to the notion that MI is 
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a centrally generated, offline process (Jeannerod, 2001).
 This does not imply that IW is unable to construct central 
representations of the body’s current position. IW is able to perform 
accurate movements by visualizing his movement from a first person 
perspective prior to the overt movement (C. Cole & Paillard, 1998; Miall, 
Haggard, & Cole, 1995). His ability to construct a representation of the 
body with only visual information is in line with the multimodal nature 
of body representations (de Vignemont, 2009; Maravita et al., 2003). 
Consequently, IW is able to construct a ‘sensorimotor’ representation. 
However, this representation is phenomenologically different from the 
motor representations of controls (Bosbach et al., 2005; Bosbach et al., 
2006) and is likely to be primarily based on visual perception.
 As MI consists of a mental transformation of visual and kinaesthetic 
percept’s (de Lange et al., 2005), it is important to show that the observed 
lack of postural and biomechanical influences for IW results from affected 
central motor processes and not an affected ability to create and transform 
mental images. The results of the letter task show that IW is perfectly able to 
perform mental transformations of mental images. This is evidenced by the 
similar performance in reaction times and enhanced accuracy compared 
to controls. Therefore, it is likely that the observed lack of postural and 
biomechanical influences for IW results from affected central motor 
processes due to the chronic deafferentation. 
 In addition, as IW controls movement with mental attention and 
close visual supervision, it is also likely that he developed visual mental 
images of his own body as well. Consequently, his mental transformation 
skills of visual images is not likely to be limited to letters only. Indeed, we 
found that IW outperformed both control groups on the accuracy level. 
with remarkably high accuracy levels between 95% and 100% for all angles. 
Because IW is unable to mentally simulate the kinaesthetic consequences 
of a movement, it is likely that IW used VI to solve the mental rotation 
tasks, irrespective of the used types of stimuli. 
 Our results show that these VI abilities of IW are enhanced with 
respect to controls. This high accuracy may be a result of two processes. 
First, he uses visual imagery of movement in everyday life and used it in 
his rehabilitation and secondly he seems to have a high level of focused 
attention. It has already been shown that participants with higher focused 
attention scores have an increased performance in mental rotation tasks 
than participants with a lower focused attention score (Karadi, Kallai, & 
Kovacs, 2001). In daily life, IW has to continuously update his visual percept 
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of the world and translate that knowledge into a motor plan. Diminished 
attention or errors in the mental transformations are likely to result in 
improper movements and hence the risk of falling or not being able to 
grasp an object, for example. He is quite clear that he mentally rehearses 
movements beforehand and uses visual imagery frequently and widely to 
maintain performance.
 In conclusion, this study provides new insights in the debate on the 
influence of afferent information in MI processes. In contrast to former 
studies on the influence of (congenital) amputations on MI processes, 
we selectively looked at the influence of afferent information on these 
processes. We found that kinaesthetic afferents play an important role in 
the conflict between imagined movement and the body’s current posture. 
The body’s current posture and biomechanical constraints are likely to 
be incorporated in a structural body description and processed centrally 
during imagery. The long term loss of kinaesthetic afferents results in the 
loss of central kinaesthetic representations and hence impaired motor 
imagery. In order to compensate for this deficit, IW uses a visual construct 
of his body, together with online visual supervision to plan and control 
imagined motor acts. This extraordinary faculty developed over years 
for planning and indeed predicting movement is likely to explain IW’s 
enhanced visual imagery capabilities.
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Chapter 798
Motor imagery has been shown to rely on similar cognitive processes as 
action execution. This implies that motor imagery processes are subject 
to similar constraints as actual movements, such as those related to the 
biomechanical possibilities. The current thesis focuses on the factors that 
influence the ability to engage in motor imagery. This topic is addressed in 
four different topics. The first topic focused on the influence of stimulus 
context on the engagement in motor imagery. In the second topic we 
examined the influence of one’s movement capabilities on motor imagery 
processes. In the third topic we focused on the effect of presenting stimuli 
within the peripersonal and extrapersonal space on motor imagery 
engagement. And the fourth topic focused on the influence of the loss 
of kinaesthetic afferent information on the ability to implicitly use body 
representations in motor imagery processes. In what follows, the main 
findings in the different chapters will be summarized followed by a 
discussion on relevant topics originating from these findings.
Influence of stimulus context on implicit motor imagery
In the literature it is assumed that presenting hands in a mental rotation 
task will automatically induce the process of motor imagery (L. M. Parsons, 
1987, 1994; Sekiyama, 1982). However, not all studies have shown motor 
imagery engagement in a hand laterality judgment task (Lust et al., 2006; 
Steenbergen et al., 2007). Importantly, among these studies the used 
stimulus sets differed with respect to the number of axes used to rotate 
the stimuli which may have confounded the previous findings. The studies 
showing a lack of motor imagery engagement rotated the hand stimuli only 
over one rotational axis. In contrast, in the studies that did show motor 
imagery engagement the stimuli were rotated over multiple rotational axes. 
To examine this potential confounder into more detail we investigated the 
influence of multiple rotational axes in a stimulus set in a hand laterality 
judgment task on the implicit engagement in motor imagery in chapter 
2. In line with the findings from the literature, we hypothesized that 
rotating the hand stimuli over multiple rotational axes within a stimulus 
set would facilitate the engagement in motor imagery. In the experiment, 
the participants performed a mental rotation task of hands in which three 
different sets of stimuli were shown, with increasing numbers of rotational 
axes. In the first set of stimuli, only back view pictures of hands were 
shown, which were rotated in-plane in six steps. The second set of stimuli 
comprised both back- and palm-view hand stimuli, also rotated in-plane in 
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six different orientations. In addition to the stimuli as used in the second 
set, the third set also included in-depth rotations in three directions. 
We measured reaction times and accuracy during the task. The results 
show a lack of biomechanical influences on the reaction time profiles 
for the first stimulus set and a significant influence of the biomechanics 
in the second and third stimulus set. This influence of biomechanical 
constraints on reaction time profiles reflects the use of motor imagery (L. 
M. Parsons, 1987). Consequently, these results show that participants do 
not automatically engage in motor imagery processes in an implicit hand 
laterality judgment task and that this engagement is critically influenced by 
the number of rotational axes. We reasoned that the use of the first stimulus 
set is likely to induce visual imagery due to the familiarity with seeing the 
back of the hand in different orientations. Relatively simple visual strategies 
can be used to solve the task when only back-view stimuli are shown. By 
including palm view stimuli, the use of a visual strategy is not sufficient 
anymore and hence induces motor imagery.
Influence of movement restrictions on motor imagery processes
Former research showed that participants can use different mental rotation 
paths depending on the biomechanical constraints (L. M. Parsons, 1987). 
More specifically, mental rotation paths are the pathways along which the 
hands can be mentally rotated. The selection of a mental movement path 
is dependent on the possibility to perform that movement. Consequently, 
the selected movement path differs between laterally and medially rotated 
hand stimuli. In chapter 3, we studied the influence of different mental 
rotation paths on the electrophysiology of the mental rotation process. 
We performed a hand laterality judgment task with both back- and palm-
view hand stimuli. During the experiment we measured reaction times, 
accuracy and the EEG signals of the participants with a 64 electrode 
system. In particular, we focused our EEG analysis on the rotation related 
negativity, which can be seen as an electrophysiological correlate of the 
mental rotation process itself (Heil, 2002; Thayer & Johnson, 2006). We 
hypothesized that for lateral rotations a rotation related negativity would be 
present and that, in contrast, for medial rotations no such component would 
be present as the reaction time profiles of the latter do not imply the use of a 
gradual rotational process. We found a rotation related negativity from 450 
to 600 ms post stimulus onset, centred at Pz, for laterally rotated stimuli 
only. Furthermore, we found a more bilaterally distributed component at 
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parietal electrodes around 290 ms post stimulus onset showing differences 
between lateral and medial rotations. These results show that already 
around 290 ms post stimulus onset a dissociation is made between lateral 
and medial rotations. That is, even before the actual mental rotation 
process which starts around 450 ms post stimulus onset. This orientation 
dependent strategy selection was also reflected in the behavioural results. 
The behavioural results showed that the participants used a typical mental 
rotation strategy for laterally rotated hands as was evidenced by the linear 
increase in reaction times with increasing angles of rotations. For medially 
rotated stimuli however, no linear increase in reaction times was observed. 
These findings indicate that the participants used different strategies for 
rotating their hands laterally and medially.
 The results presented in chapter 3 show a remarkable resemblance 
between both the behavioural and electrophysiological correlates of 
mentally rotating non-corporeal objects while using visual imagery, such 
as letters (Heil, 2002), and rotating hands laterally. Lateral rotations are 
biomechanically difficult or even impossible to perform. Therefore, we 
hypothesized that the involvement of motor processes during mental 
imagery in a hand laterality judgment task is likely to be dependent on 
the biomechanical plausibility to perform that movement. We tested this 
hypothesis in the study described in chapter 4.
 In chapter 4 we used an identical task as in chapter 3 but now 
in a delayed response design. The aim of this study was to test for the 
possible differential involvement of motor processes between laterally 
and medially rotated hands by measuring mu-band synchronization and 
desynchronization (Pfurtscheller & Lopes da Silva, 1999). We hypothesized 
that we would find more mu-power desynchronization for medially rotated 
hands compared to laterally rotated hands. This would reflect a more 
pronounced engagement in motor related processes for medial than for 
lateral rotations. In line with our hypothesis, the results showed a more 
pronounced decrease in mu-power for medial rotations compared to lateral 
rotations. This finding suggests that participants rely more strongly on 
motor processes during imagery when the mentally performed movements 
are biomechanically plausible compared to awkward or biomechanically 
more difficult to perform movements. We did not obtain differences in 
alpha-power decrease over occipital electrodes, reflecting visual imagery 
engagement, between both rotational directions. This is in line with former 
research which states that motor imagery encompasses visual imagery (de 
Lange et al., 2005), at least partly (Pelgrims et al., 2009). 
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 Collectively, the studies reported in chapter 3 and 4 show that 
the rotation related negativity is likely to reflect mental visual in-plane 
rotations and not necessarily motor imagery processes. Furthermore, the 
involvement of motor processes during mental imagery is dependent on 
the anatomical plausibility to perform that movement. Motor imagery 
itself is also likely to play a crucial role in the selection of appropriate action 
plans to perform a movement.
Spatial dependency of motor imagery
Several studies showed that our surrounding space can be divided into a 
peripersonal space and an extrapersonal space (N. P. Holmes & Spence, 
2004). The peripersonal space can be seen as an action space which is 
limited to the area in which we can grasp objects without moving the object 
or ourselves. The extrapersonal space is the space beyond the peripersonal 
space. Objects situated within peripersonal space are mapped onto an 
egocentric reference frame. This mapping is thought to be accomplished by 
action simulation (Gallese & Lakoff, 2005). However, there is no empirical 
evidence supporting the claim that an action is simulated towards the objects 
presented in peripersonal space. That is, as for actual movements, simulated 
actions are also expected to be subject to biomechanical constraints 
(Jeannerod, 1994, 2001). From this it follows that the automatically induced 
action simulation towards objects within peripersonal space should also be 
subject to the body’s biomechanical constraints. In chapter 5, a study is 
reported providing direct empirical evidence for the automatically induced 
simulated motor act towards objects presented within peripersonal space. 
We performed two experiments using two mental rotation paradigms. In 
the first experiment we used stimuli of hands and in the second experiment 
we used stimuli of graspable objects. Stimuli were presented in both, peri- 
and extrapersonal space. The results showed increased reaction times for 
biomechanically difficult to adopt postures compared to more easy to 
adopt postures for stimuli of hands and graspable objects. Crucially, this 
difference was only present for stimuli presented in peripersonal space but 
not for the stimuli presented in extrapersonal space. Collectively, these 
results show that actions are automatically simulated towards objects only 
when presented in peripersonal space.
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Effect of the loss of afferent information on motor imagery
The origin of the conflict between simulated actions on the one hand and 
the body’s current posture and biomechanical constraints on the other 
hand is still subject to current debate. Mercier et al. (2008) suggested that 
this conflict mainly arises from online afferent feedback, influencing the 
motor imagery processes. However, according to the simulation and the 
emulator theory, this interaction should arise from centrally generated 
conflicts (Grush, 2004; Jeannerod, 2001). To clarify this ambiguity in the 
literature it is of importance to investigate the selective role of kinaesthetic 
information in motor imagery processes. In chapter 6 we described 
an experiment in which we studied the specific influence of the loss of 
kinaesthetic afferent information on motor imagery in a unique case of 
chronic peripheral deafferentation. Specifically, the performance of the 
chronically peripherally deafferented patient IW was compared with 
left- and right handed age and sex matched controls. All participants 
performed two experiments. The first experiment consisted of a mental 
rotation task of letters and hands. While performing the task, the posture 
of the participants was manipulated. In one condition, participants had 
to place their hands palm down on their lap and in the other condition 
the participants had to place their hands behind the back. In the second 
experiment, the participants had to perform a mental rotation task with 
only hand stimuli. Again the participants’ postures were manipulated. The 
postural manipulation consisted of placing the hands on their lap with 
the palms oriented downwards and upwards. Furthermore, the visibility 
of their hands was manipulated. In half of the conditions the participants 
were able to see their hands and in the other half of the conditions the 
participants’ hands were occluded during the task using a black cloak. As 
IW relies on visual feedback to control his movements, controlling for 
visual feedback enabled us to also test the specific role of visual feedback 
during mental imagery in a deafferented condition. We measured reaction 
times and accuracy in both experiments. The results of the first experiment 
showed that the reaction times of only the right handed control group was 
affected by the postural manipulation for the hand laterality judgment 
task. For that same task, we also observed differences between laterally 
and medially rotated hands for both the left- and right handed control 
group, reflecting influences of biomechanical constraints. In contrast, no 
postural or biomechanical influences were found when IW performed 
the hand laterality judgment task. No postural influences were found 
in the mental rotation task of letters. The second experiment replicated 
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these results. Furthermore, we did not obtain any differences between the 
visible- and non-visible hands conditions for IW and the control groups. 
These results indicate that the long-term loss of kinaesthetic afferents result 
in an inability to implicitly incorporate kinaesthetic information into one’s 
centrally generated body representation. The long-term loss of kinaesthetic 
afferents is likely to result in an inability to recall these sensations from 
memory in order to incorporate them into a body representation. These 
findings provide further evidence for the hypothesis that motor imagery is 
a centrally generated process and that the interaction between one’s current 
posture and the imagined movement results from a centrally generated 
conflict.
Movement ability or familiarity?
In this thesis we showed that motor imagery is, among others, influenced 
by the body’s biomechanical constraints. In chapter 6 we provided evidence 
that these influences are not likely to result from possible conflicts between 
peripheral information and the internally generated motor simulation, but 
are more likely to result from mere central processes. This begs the question 
as to how these biomechanical constraints are represented within the brain 
and how they influence motor imagery processes.
 In line with the simulation theory (Jeannerod, 2001), it has been 
suggested that motor imagery is actually a conscious representation of 
the efference copy signal (Decety, 1996c; Maruff, Wilson, & Currie, 2003). 
Grush (2004), on the other hand, states that the efference copy alone is 
not sufficient for transforming action plans into expected kinaesthetic 
sensations. That is, for motor control during actual actions, internal 
motor plans are compared to the sensory input in order to make rapid 
adjustments to the executed actions. Grush (2004) argues that an emulator 
is needed, yielding a kinaesthetic body representation, to transform efferent 
signals into expected kinaesthetic sensations for comparison with afferent 
kinaesthetic signals. This emulator is (at least initially) based upon sensory 
experiences in memory. The constructed motor plan in combination 
with the emulator then results in motor simulations which are subject to 
one’s biomechanical constraints. The emulator theory is in line with the 
study by Mulder et al. (2004), showing that previous experience with the 
kinaesthetic sensations of a movement, represented within the emulator, is 
mandatory for using motor imagery to simulate that particular movement. 
As described in chapter 6, the long term loss of kinaesthetic sensations 
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is likely to affect the memory based internal kinaesthetic representations. 
As a consequence, chronic peripheral deafferentation affects the ability 
to incorporate biomechanical constraints into a simulated action. By the 
same token, it was shown that the loss of afferent kinaesthetic sensations 
due to amputations also results in an inability to use motor imagery (Funk 
& Brugger, 2008; Nico et al., 2004). 
Functional role of motor imagery
In this thesis we focussed on the processes involved in, and influencing 
motor imagery. A logical next step is to explore what beneficial value 
studying motor imagery has for the understanding of the human action-
execution system and the possible applications of motor imagery in a 
societal context. In the literature, the functional role of motor imagery 
has been addressed from several points of view, such as the function of 
motor imagery for action execution, action understanding, sports and 
rehabilitation.
 Some studies have implicitly or explicitly related motor imagery to 
(a subsystem of) the action execution process such as the planning process 
and/or motor control (Crammond, 1997; Jeannerod, 1994; Jeannerod 
& Decety, 1995). One possibility is that motor imagery is the conscious 
experience of a normally non-conscious premotor plan or efference copy 
(Decety, 1996b; Jeannerod, 1994, 1995). From this notion, motor imagery 
depends on the computed premotor plan and is experienced when overt 
movement is inhibited. Such an explanation implies that motor imagery 
does not contribute to processes for the selection of the proper motor 
plan. In contrast to this view, Johnson (S. H. Johnson, 2000) suggested that 
motor imagery may actually contribute to action plan selection processes, 
referred to as the imagery as planning hypothesis. This hypothesis states 
that motor imagery is used to predict the consequences of an upcoming 
action from a discrete number of possible actions in advance of their 
execution. Converging evidence is provided by ERD/ERS studies showing 
similar ERD patterns in the mu-power for action planning and motor 
imagery and differential ERD patterns between imagery and execution 
(Pfurtscheller et al., 1997). In chapter 4 we provided evidence for the use 
of motor imagery as contributing factor in the action selection process. 
Indeed, motor imagery was shown to be used as discriminatory process 
between biomechanically possible and impossible or difficult to perform 
movements.
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 As motor imagery might be regarded as a subsystem of the 
action selection process it provides a perfect window into the cognitive 
mechanisms of motor execution (de Lange, Roelofs, et al., 2008). In 
addition, recent studies have provided evidence for another intriguing role 
of motor imagery in daily life. By simulating actions, the brain is capable 
in mapping objects around us onto an egocentric reference frame (Gallese, 
2005; Gallese & Lakoff, 2005). That is, a representation of the objects in 
motor coordinates. Mapping objects into egocentric coordinates enables 
us to perform accurate movements towards those objects. In chapter 5 we 
provided empirical evidence supporting the notion that motor imagery is 
used to map objects onto an egocentric frame of reference. Furthermore, 
the use of action simulations in daily life is not only restricted to one’s 
own movements, but is also incorporated into the processes involved in 
the understanding of other people’s actions, i.e., action comprehension 
(de Lange, Spronk, Willems, Toni, & Bekkering, 2008; Fogassi et al., 2005; 
Rizzolatti & Craighero, 2004). Consequently, motor imagery is not only an 
experimentally induced process enabling scientists to study the cognitive 
mechanisms of the motor system, but is also crucial in our daily life when 
interacting with objects and understanding other peoples actions.
 Functional applications of motor imagery can be found in the 
sports (P. Holmes & Calmels, 2008) and rehabilitation literature (Braun et 
al., 2006). In sports and in a clinical setting the implementation of motor 
imagery is often referred to as mental practice. By repetitively imagining 
kinaesthetic images, patients and professional sportsmen can improve 
their performance (see Lotze & Halsband, 2006; Munzert et al., 2009 for 
review).
Conclusions
We provided evidence that the engagement in motor imagery is critically 
dependent on multiple factors such as stimulus context and the anatomical 
possibilities to perform a movement. Another finding was that the 
engagement in motor imagery can also be facilitated by providing a 
context in which people can simulate movements within their peripersonal 
space. Furthermore, the results of chapter 6 provide additional empirical 
evidence supporting the notion that motor imagery is a central process. 
Possible conflicts between one’s current posture and mental movement 
path are therefore likely to be centrally generated. Consequently, proper 
kinaesthetic representations are crucial in order to be able to simulate 
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kinaesthetic sensations. However, it is important to note that the ability 
to perform kinaesthetic imagery is not mandatory to be able to internally 
simulate movements from a first person perspective.
 Finally, motor imagery processes are based on multimodal 
body representations based on, for example, kinaesthetic and visual 
representations. As is evident from the case IW, the loss of a single modality 
can, in some cases, be overcome by the specific training and use of another 
modality. The intriguing multimodal approach of motor imagery has yet 
to be further explored fundamentally and practically and might provide 
important insights in how the body is represented within the brain. 
Furthermore, it might also provide breakthroughs in the treatment of 
affected sensorimotor systems.
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Samenvatting in het Nederlands
We staan er meestal niet bij stil, maar we maken veel gebruik van mentale 
verbeelding in ons dagelijks leven. Iemand kan je bijvoorbeeld vragen 
hoe je huis eruit ziet. Je kunt je huis dan beschrijven aan de hand van 
alle (technische) gegevens uit de gids van de makelaar, maar over het 
algemeen zullen we ons (ook) een visueel beeld vormen van ons huis. Aan 
de hand van dat mentale visuele beeld beschrijven we vervolgens de kleur 
van de kozijnen, contouren, tuin enzovoorts. Het creëren en eventueel 
transformeren van visuele voorstellingen wordt visuele verbeelding 
genoemd. Daarnaast is er ook motorische verbeelding. Deze methode van 
verbeelding wordt veel toegepast door topsporters om zich zo adequaat 
mogelijk voor te bereiden op een sportprestatie. Motorische verbeelding 
kunnen we beschrijven als een simulatie van een beweging waarbij alle 
aspecten van een beweging worden uitgevoerd, behalve de echte fysieke 
beweging zelf.
 Een veelgebruikte taak om verschillende aspecten van visuele 
en motorische verbeelding te onderzoeken is de mentale rotatietaak. 
Tijdens deze taak zien proefpersonen plaatjes in diverse oriëntaties. Zo 
zien proefpersonen bijvoorbeeld plaatjes van letters waarbij ze moeten 
beoordelen of de letter normaal is weergegeven of in spiegelbeeld, ongeacht 
de rotatiehoek, zie Figuur 1A. Deze taak wordt doorgaans opgelost door 
gebruik te maken van visuele verbeelding (Shepard & Cooper, 1982). In een 
ander type mentale rotatietaak krijgen proefpersonen plaatjes van handen 
te zien, zie Figuur 1B. Tijdens deze taak moet de proefpersoon beoordelen 
of de getoonde handen linker- of rechterhanden zijn. In tegenstelling tot 
de lettertaak, gebruiken proefpersonen bij deze taak meestal motorische 
verbeelding: ze beelden namelijk een beweging in van hun eigen hand om 
te beoordelen of ze een linker- of rechterhand zien.
 Net als eigenlijke bewegingen zijn verbeelde bewegingen ook 
onderhevig aan onze bewegingsbeperkingen (Jeannerod, 2001, 2006). 
Dit zien we bijvoorbeeld terug in de invloed van iemands houding op de 
reactietijden tijdens een mentale rotatietaak van handen. Proefpersonen zijn 
sneller in het beoordelen van plaatjes van handen wanneer ze bijvoorbeeld 
hun eigen handen op schoot houden dan wanneer ze hun handen achter de 
rug houden (de Lange et al., 2005; de Lange et al., 2006; Ionta et al., 2007; 
Sirigu & Duhamel, 2001). Daarnaast blijkt dat proefpersonen langzamer 
zijn in het verbeelden van bewegingen die biomechanisch gezien moeilijk 
of onmogelijk uitvoerbaar zijn dan van bewegingen die makkelijk(er) 
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uitvoerbaar zijn. Er wordt onderscheid gemaakt tussen lateraal en mediaal 
geroteerde handen. Bij laterale en mediale draaiingen worden de handen 
respectievelijk naar buiten of juist naar binnen gedraaid ten opzichte van 
het lichaam. Laterale draaiingen zijn biomechanisch moeilijker uit te 
voeren dan mediale draaiingen. Daarom kost het ook meer tijd om je eigen 
hand naar buiten toe te draaien dan naar binnen voor zowel werkelijke- als 
ingebeelde bewegingen. In dezelfde lijn zien we dat reactietijden tijdens 
een mentale rotatietaak voor het beoordelen van lateraal gedraaide handen 
langer zijn dan voor mediaal gedraaide handen wanneer proefpersonen 
motorische verbeelding gebruiken. 
 Het doel van dit proefschrift is om de invloed van verschillende 
factoren op het gebruik van motorische verbeelding te onderzoeken. 
Dit wordt gedaan aan de hand van vier thema’s. In het eerste thema 
onderzoeken we de invloed van de context waarin stimuli aangeboden 
worden. In het tweede thema bestuderen we de invloed van anatomische 
bewegingsbeperkingen op de mogelijkheid om motorische verbeelding te 
gebruiken. Het derde thema focust op de invloed van spatiële componenten 
op motorische verbeelding en in het vierde thema wordt de specifieke invloed 
van kinesthetische informatie op motorische verbeelding onderzocht.
Figuur 1. Voorbeelden van stimuli met gedraaide letters en handen. A) Links is een letter te zien 
die, ongeacht de rotatiehoek in het platte vlak, gespiegeld is weergegeven, terwijl de rechter letter 
normaal weergegeven is. B) Links is een voorbeeld te zien van een palmaanzicht van een linkerhand 
en rechts een rugaanzicht van een geroteerde linkerhand.
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Contextuele invloeden op motorische verbeelding
Er wordt aangenomen dat een mentale rotatietaak met handen altijd 
het gebruik van motorische verbeelding induceert (L. M. Parsons, 1994; 
Sekiyama, 1982). Het is echter gebleken dat proefpersonen tijdens deze taak 
niet altijd motorische verbeelding gebruiken (Lust et al., 2006; Steenbergen 
et al., 2007). Of proefpersonen motorische verbeelding gebruiken, lijkt af 
te hangen van de gebruikte stimulus sets. Lust et al. (2006) en Steenbergen 
et al. (2007) gebruikten namelijk enkel plaatjes van handen die in het platte 
vlak gedraaid zijn, dus over één as. De studies die wel het gebruik van 
motorische verbeelding aantoonden, gebruikten allemaal stimulusgroepen 
waarin de handstimuli over meerdere assen gedraaid zijn. We hebben 
daarom in hoofdstuk 2 onderzocht wat de invloed is van het gebruik 
van meerdere assen in een stimulus set op het induceren van motorische 
verbeelding in een mentale rotatietaak van handen. De deelnemers hebben 
in dit experiment een mentale rotatietaak uitgevoerd, waarbij ze plaatjes 
van handen zagen die gedraaid waren over maximaal drie verschillende 
assen. Deze plaatjes waren onderverdeeld in drie verschillende groepen. 
De plaatjes in de eerste groep waren enkel in het platte vlak gedraaid, 
in zes verschillende stappen. De tweede groep van stimuli bestond uit 
plaatjes van handen met een palmaanzicht of met een rugaanzicht in zes 
verschillende oriëntaties. De derde groep bestond uit dezelfde plaatjes die 
gebruikt zijn in de tweede groep, maar waren daarbij ook in drie stappen 
over de transversale as geroteerd. Tijdens het experiment hebben we de 
reactietijden en fouten van de proefpersonen gemeten. We verwachtten 
dat naarmate de plaatjes over meerdere assen gedraaid zouden worden 
het gebruik van motorische verbeelding toe zou nemen. Om te bepalen of 
proefpersonen motorische verbeelding gebruikten, hebben we onderzocht 
of er verschillen waren in reactietijden tussen lateraal en mediaal gedraaide 
handen.
 Uit de resultaten bleek dat er geen verschil is tussen lateraal en 
mediaal gedraaide handen voor de eerste stimulusgroep. Voor de tweede 
en derde stimulusgroep was er echter wel een verschil in reactietijd tussen 
lateraal en mediaal gedraaide handen. Deze bevindingen tonen dus aan dat 
motorische inbeelding niet automatisch geïnduceerd wordt in een mentale 
rotatietaak van handen, maar dat dit afhankelijk is van de context waarin 
de stimuli gepresenteerd worden. We concluderen dat de proefpersonen 
waarschijnlijk een visuele strategie hebben gebruikt om de plaatjes uit 
de eerste groep te beoordelen. Wanneer één handaanzicht (i.e., rug of 
handpalm) in een stimulusgroep gebruikt wordt kan de proefpersoon een 
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efficiënte visuele strategie kan gebruiken om te bepalen of het een linker- 
of rechterhand betreft. Voor rugaanzichten kan bijvoorbeeld gekeken 
worden naar een ‘L-vorm’ in de houding van de duim ten opzichte van de 
andere vingers als de hand rechtop staat. Is de ‘L-vorm’ aanwezig, dan is het 
een linkerhand en anders een rechterhand. Wanneer nu ook plaatjes van 
handpalmen in de stimulusgroep opgenomen zijn is deze visuele strategie 
niet meer adequaat en wordt motorische verbeelding gebruikt om de taak 
op de lossen. 
Invloed van anatomische bewegingsrestricties op elektrofysiologische 
processen
Onderzoek heeft aangetoond dat proefpersonen verschillende mentale 
bewegingspaden hanteren bij het beoordelen van plaatjes van handen 
tijdens een mentale rotatietaak (L. M. Parsons, 1987). Dit zijn strategieën 
om je hand, vanuit zijn beginpositie, mentaal naar de gewenste eindpositie 
te bewegen, zie Figuur 2. Het gebruik van deze strategieën komt voort 
uit de anatomische bewegingsrestricties. Als gevolg daarvan worden er 
verschillende mentale bewegingspaden gebruikt bij het verbeelden van 
laterale en mediale draaiingen van de handen. Wij hebben in hoofdstuk 
3 een studie uitgevoerd naar de invloeden van het gebruik van deze 
verschillende bewegingsstrategieën op het mentale rotatieproces. We 
hebben proefpersonen een mentale hand-rotatietaak uit laten voeren met 
rug- en palmaanzichten van handen. Tijdens het experiment hebben we 
de reactietijden en het aantal fouten gemeten. Daarnaast hebben we ook 
het elektro-encefalogram (EEG) gemeten met behulp van 64 elektroden. 
Door middel van het EEG hebben we gekeken naar de ‘rotatie- afhankelijke 
negativiteit’. Deze component is een elektrofysiologische maat die gezien 
kan worden als correlaat van het eigenlijke mentale rotatieproces. De 
amplitude van deze component wordt minder positief naarmate de 
rotatiehoek van de stimulus groter wordt. Deze component is te zien tussen 
300 ms tot 800 ms na het aanbieden van het plaatje aan de proefpersoon. 
De elektrofysiologische resultaten lieten een duidelijke rotatie-afhankelijke 
negativiteit zien voor de laterale rotaties tussen 450 ms en 600 ms nadat 
de stimulus zichtbaar was op het scherm. Deze component was het sterkst 
boven centraal pariëtaal gesitueerde elektroden. De rotatie-afhankelijke 
negativiteit was niet aanwezig voor mediale rotaties. Verder was er ook een 
component te zien op pariëtale elektroden rond de 290 ms nadat de stimulus 
zichtbaar was. De amplitude van deze component verschilde tussen laterale 
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en mediale draaiingen. De resultaten uit deze studie tonen aan dat al rond 
290 ms nadat een stimulus zichtbaar is een onderscheid gemaakt wordt 
tussen laterale en mediale draaiingen. Dit onderscheid wordt dus gemaakt 
vóór het eigenlijke mentale rotatieproces dat pas begint rond 450 ms na 
het aanbieden van een plaatje. Deze elektrofysiologische bevindingen 
zijn in overeenstemming met de gedragsmatige resultaten. Deze lieten 
een karakteristiek mentaal rotatiepatroon zien voor lateraal geroteerde 
handen. Dit bleek uit de lineaire toename in reactietijd met toenemende 
rotatiehoek. Voor mediaal geroteerde handstimuli zagen we geen lineaire 
toename in reactietijden, maar een nagenoeg vlakke reactietijdcurve. 
Dit is in overeenstemming met de literatuur en wijst op het gebruik 
van verschillende mentale rotatiestrategieën voor lateraal en mediaal 
gedraaide handen. Onze studie laat dus zien dat de oriëntatieafhankelijke 
strategieselectie gereflecteerd wordt in zowel gedragsmatige effecten als in 
de elektrofysiologie van de hersenen.
 De gedragsmatige en elektrofysiologische resultaten uit hoofdstuk 3 
vertonen een opmerkelijke gelijkenis tussen laterale draaiingen van handen 
en het mentaal draaien van objecten zoals letters waarbij visuele verbeelding 
gebruikt wordt (Heil, 2002). Aangezien laterale draaiingen biomechanisch 
gezien lastig uitvoerbaar zijn is het interessant om te onderzoeken of de 
betrokkenheid van motorische processen tijdens mentale verbeelding 
afhankelijk was van de mogelijkheid om die acties ook daadwerkelijk uit 
te voeren. We veronderstelden dat motorische processen sterker betrokken 
zouden zijn bij biomechanisch makkelijker uitvoerbare bewegingen (i.e. 
mediale draaiingen) dan bij moeilijk uitvoerbare bewegingen (i.e. laterale 
draaiingen). Deze hypothese is getest in hoofdstuk 4.
 In hoofdstuk 4 hebben we gebruik gemaakt van een nagenoeg 
identieke taak als in hoofdstuk 3. We hebben onderzocht of het gebruik 
van motorische processen tijdens mentale verbeelding beïnvloed wordt 
door de biomechanische beperkingen van een beweging. De mate van 
betrokkenheid van motorische processen kan, onder andere, gemeten 
worden door de sterkte van de oscillaties in de hersensignalen tussen de 
8 en 12 Hz boven de motorische cortex te meten. Hersenactiviteit die 
gemeten wordt boven de motorische cortex in het domein tussen de 8 
en 12 Hz wordt mu-band activiteit genoemd. In rust vuren de neuronen 
in de motorische cortex synchroon, wat een sterk oscillerend signaal 
geeft. Wanneer de motorische cortex actief wordt, zullen de neuronen 
uit fase vuren en zal de sterkte van de oscillaties afnemen. Dit laatste 
wordt desynchronisatie genoemd (zie ook Pfurtscheller & Lopes da Silva, 
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1999). We veronderstelden dat voor lateraal en mediaal gedraaide handen 
verschillen in de sterkte van de oscillaties in de mu-band. Een sterkere 
mu-band desynchronisatie voor mediale dan voor laterale draaiingen zou 
een uitgesprokener gebruik van motorische verbeelding voor mediale dan 
voor laterale draaiingen aantonen. Onze resultaten kwamen overeen met 
onze hypothese en lieten een sterkere mu-band desynchronisatie zien voor 
mediale dan voor laterale draaiingen op centrale elektroden. Deze bevinding 
suggereert dat proefpersonen meer gebruik maken van motorische 
verbeeldingsprocessen tijdens biomechanisch gemakkelijke bewegingen 
dan biomechanisch lastige bewegingen. We hebben geen verschillen 
gemeten in alfa-band desynchronisaties over occipitale elektroden. Dit 
betekent dat er geen verschil is in het gebruik van visuele processen tussen 
lateraal en mediaal gedraaide handen. Dit is in overeenstemming met 
Figuur 2. Voorbeelden van twee mentale bewegingspaden. Het eerste plaatje van de hand laat de 
uitgangspositie zien van waaruit de mentale beweging geïnitieerd wordt. Het laatste plaatje toont 
de gewenste eindpositie. A) Rotatie-bij-dimensie pad. Hierin wordt gebruik gemaakt van een se-
quentie van rotaties. Allereerst wordt de hand 180º geroteerd over de longitudinale as naar een 
palmaanzicht. Vervolgens wordt de hand in het platte vlak gedraaid naar de gewenste eindpositie. 
B) Kortste-weg pad. De hand wordt 180º gedraaid over een verbeelde as. De gekromde pijlen geven 
de richting van de rotatie aan en de rechte lijnen en het oog geven de rotatieassen aan. Dit figuur is 
een aangepaste versie van Parsons (1987).
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andere studies, die aantoonden dat motorische verbeelding de processen 
tijdens visuele verbeelding in ieder geval gedeeltelijk omvat (de Lange et al., 
2005; Pelgrims et al., 2009).
Spatiële invloeden op motorische verbeelding
Diverse studies hebben uitgewezen dat de ruimte om ons heen grofweg 
ingedeeld kan worden in de peri-persoonlijke en de extra-persoonlijke 
ruimte. De peri-persoonlijke ruimte is de actieruimte die begrensd is 
door het gebied waarin objecten gegrepen kunnen worden zonder jezelf 
te verplaatsen. De omvang van deze ruimte is dus afhankelijk van de 
reikwijdte van de armen, wat bij volwassen neerkomt op ongeveer 60 à 70 
cm ten opzichte van het lichaam. De extra-persoonlijke ruimte is de ruimte 
buiten de peri-persoonlijke ruimte. Objecten die gesitueerd zijn in de 
extra-persoonlijke ruimte kunnen dus niet direct met de handen gegrepen 
worden. De objecten die in de peri-persoonlijke ruimte gelegen zijn, 
worden gerepresenteerd ten opzichte van het eigen lichaam. Dat wil zeggen 
dat de objecten in een egocentrisch coördinatenstelsel gerepresenteerd 
worden. Er wordt aangenomen dat actiesimulatie gebruikt wordt om tot 
deze representatie te komen (Gallese & Lakoff, 2005). Tot nog toe bestaat 
er echter geen empirisch bewijs dat er ook daadwerkelijk een actie naar de 
objecten gesimuleerd wordt. Dat wil zeggen, het is nog niet aangetoond dat, 
net als voor fysieke bewegingen, de automatisch gesimuleerde bewegingen 
ook onderhevig zijn aan de biomechanische beperkingen. 
 In hoofdstuk 5 beschrijven we een studie waarin direct empirisch 
bewijs geleverd wordt voor de motorische grondslag van het proces waarin 
objecten in de peri-persoonlijke ruimte, egocentrisch gerepresenteerd 
worden. We hebben twee experimenten uitgevoerd waarin we een mentale 
rotatietaak gebruikt hebben. In het eerste experiment is gebruik gemaakt van 
plaatjes van handen van een rugaanzicht die enkel in het platte vlak gedraaid 
waren. De stimuli werden gepresenteerd in zowel de peri-persoonlijke- als 
extra-persoonlijke ruimte. We verwachtten enkel biomechanische invloeden 
te zien op de reactietijden wanneer de stimuli in de peri-persoonlijke ruimte 
gepresenteerd zouden zijn. In overeenstemming met deze verwachting 
lieten de resultaten invloeden zien van biomechanische beperkingen op de 
reactietijden voor stimuli die gepresenteerd waren in de peri-persoonlijke 
ruimte. Dat wil zeggen, voor zowel hand- als objectstimuli in de peri-
persoonlijke ruimte vonden we hogere reactietijden voor biomechanisch 
moeilijk uit te voeren bewegingen dan voor biomechanisch gemakkelijk 
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uit te voeren bewegingen. Deze resultaten tonen aan dat motorische 
verbeelding automatisch gebruikt wordt wanneer objecten of handen in 
de peri-persoonlijke ruimte gepresenteerd zijn. Tegelijkertijd induceert de 
presentatie van dezelfde stimuli in de extra-persoonlijke ruimte juist geen 
gebruik van motorische inbeelding. Onze resultaten leveren dus empirisch 
bewijs voor het automatische gebruik van actiesimulaties naar handen en 
grijpbare objecten die gesitueerd zijn in de peri-persoonlijke ruimte.
Invloed van gebrek aan afferente informatie op motorische verbeelding
In de literatuur bestaat discussie over de oorsprong van het conflict 
tussen de ingebeelde beweging aan de ene kant en de lichaamshouding 
en biomechanische beperkingen aan de andere kant. Dit conflict bestaat 
uit de invloed van onder andere onze lichaamshouding op de door ons 
verbeelde bewegingen. Wanneer we ons bijvoorbeeld verbeelden dat we 
in onze handen klappen komt de tijd die het kost om een aantal keren te 
klappen overeen met de tijd die het kost om werkelijk in onze handen te 
klappen. Dit is echter alleen zo wanneer we de armen slap langs ons lichaam 
houden. Wanneer we onze handen vouwen kost het meer tijd om hetzelfde 
aantal klapbewegingen in te beelden (Stevens, 2005). In dit laatste geval is 
er een conflict tussen de verbeelde beweging en de lichaamshouding; deze 
zijn dan niet verenigbaar. In een studie van Mercier et al. (2008) wordt 
verondersteld dat dit conflict zijn oorsprong vindt in de invloeden van 
beschikbare afferente informatie vanuit de periferie1. Aan de andere kant 
veronderstellen zowel de simulatie- als de emulatortheorie dat dit conflict 
centraal, dus in het brein, ontstaan is (Grush, 2004; Jeannerod, 2001). Om 
duidelijkheid te verschaffen in deze ambiguïteit is het van belang om de 
selectieve invloed van kinesthetische afferente informatie op motorische 
verbeelding te onderzoeken. 
 In hoofdstuk 6 is een experiment beschreven waarin de specifieke 
invloed van het gebrek aan kinesthetische afferente informatie op 
motorische verbeelding is onderzocht aan de hand van de unieke patiënt 
IW. Deze patiënt lijdt aan chronische perifere deafferentatie. Tijdens 
zijn 20e levensjaar heeft IW door een infectie bepaalde zenuwen in zijn 
perifere zenuwstelsel verloren, waardoor hij geen afferente kinesthetische 
informatie meer kan ontvangen. IW kan daardoor bijvoorbeeld niet meer 
1 Kinesthetische afferente informatie is alle tactiele en proprioceptive sensorische informatie die 
onze hersenen binnen krijgen vanuit de periferie, dus vanuit het zenuwstelsel buiten ons centraal 
zenuwstelsel.
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voelen waar en hoe hij zijn handen heeft liggen. In deze studie hebben we de 
prestaties van IW vergeleken met de prestaties van links- en rechtshandige 
proefpersonen. De proefpersonen namen deel aan twee experimenten. 
Het eerste experiment bestond uit een mentale rotatietaak van letters en 
handen waarbij de proefpersoon hun handen in twee houdingen moest 
houden. In de ene conditie moesten de proefpersonen de handen met 
de handpalm naar beneden op schoot houden en in de andere conditie 
moesten ze de handen achter de rug houden. In het tweede experiment 
hebben de proefpersonen een mentale rotatietaak uitgevoerd met enkel 
plaatjes van handen. Proefpersonen moesten de handen met de handpalm 
naar beneden of met de handpalm omhoog op schoot houden. Ook 
werd de zichtbaarheid van hun handen aangepast. In de ene helft van de 
condities waren de handen van de proefpersoon niet zichtbaar voor de 
proefpersoon omdat deze afgedekt waren met een zwarte doek en in de 
andere helft van de condities waren de handen wel zichtbaar. Aangezien 
IW zijn bewegingen controleert met behulp van visuele informatie zorgt 
deze laatste manipulatie ervoor dat we de specifieke rol van visuele 
informatie tijdens IW’s verbeeldingsprocessen kunnen testen. Tijdens de 
experimenten hebben we reactietijden en fouten gemeten. 
 De resultaten van het eerste experiment wezen uit dat de 
reactietijden van enkel de rechtshandige proefpersonen beïnvloed werden 
door de houdingsverschillen in de mentale rotatietaak van handen. In 
dezelfde taak hebben we ook biomechanische invloeden waargenomen op 
de reactietijden voor links- en rechtshandige controles voor de mentale 
rotatietaak van handen, maar niet voor IW. Het tweede experiment 
repliceerde deze resultaten. Verder hebben we geen verschillen gevonden 
tussen het wel of niet zichtbaar zijn van de handen. Deze resultaten bewijzen 
dat langdurig gemis van kinesthetische afferente informatie resulteert in 
een onvermogen om deze informatie te integreren in centraal gegenereerde 
lichaamsrepresentaties. Daarom gebruikte IW visuele verbeelding om 
de taken op te lossen. Hoogstwaarschijnlijk zorgt langdurig gemis van 
kinesthetische afferente informatie voor een verstoorde representatie van 
kinesthetische informatie in het geheugen. Als gevolg daarvan ontstaat een 
onvermogen om de juiste kinesthetische representaties te incorporeren in 
het lichaamsschema. Deze studie levert dus additioneel bewijs op voor de 
hypothese dat motorische verbeelding een centraal gegenereerd proces is 
en dat de interactie tussen lichaamshouding en de gesimuleerde beweging 
een centraal gegenereerd conflict is.
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Conclusies
In dit proefschrift hebben we bewijs geleverd dat het gebruik van 
motorische verbeelding kritisch afhankelijk is van meerdere factoren zoals 
de stimuluscontext en de biomechanische beperkingen. Verder wordt 
het gebruik van motorische verbeelding gefaciliteerd door een situatie te 
creëren waarin mensen hun bewegingen kunnen simuleren in hun peri-
persoonlijke ruimte. Daarnaast hebben de bevindingen uit hoofdstuk 6 
aangetoond dat motorische verbeelding en de mogelijke interactie tussen 
dit verbeeldingsproces en de lichaamshouding centraal gegenereerd 
worden. Als een gevolg daarvan is de toegang tot kinesthetische 
lichaamsrepresentaties van cruciaal belang voor de mogelijkheid om 
kinesthetische sensorische informatie te kunnen simuleren. Een belangrijk 
aspect is echter dat de beschikbaarheid over kinesthetische verbeelding 
niet noodzakelijk is om bewegingen vanuit een eerste-persoonsperspectief 
te simuleren
 De processen die betrokken zijn bij motorische verbeelding zijn 
afhankelijk van multimodale lichaamsrepresentaties, bijvoorbeeld van een 
combinatie van kinesthetische en visuele representaties. Zoals blijkt uit de 
casus van IW kan het verlies van één modaliteit ertoe leiden dat andere, 
nog beschikbare, modaliteiten gebruikt worden om de functionaliteit 
van de verloren modaliteit (deels) over te nemen. Fundamenteel en 
toegepast onderzoek op het gebied van multimodale integratie tijdens 
mentale verbeelding zou een belangrijke bijdragen kunnen leveren aan 
het verkrijgen van nieuwe inzichten in de representatie van het lichaam 
in het brein. Daarnaast kan verder onderzoek ook bijdragen aan de 
verdere ontwikkeling van de behandeling bij patiënten met een aangedane 
sensomotorisch systeem.
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